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Manipulation tools for laser- cooled rubidium atoms:
ultrathin optical fibres and magnetic diffraction gratings

Abstract:
This thesis describes the construction and characterisation of a standard six-beam
configuration magneto-optical trap (MOT) used to cool and trap neutral ^'^Rb atoms.
This system is capable of producing a cloud of ~10^ atoms whose average
temperature is in the sub-Doppler range. The fabrication process for the production
of subwavelength tapered optical nanofibres (TONFs) is also described, as well as
their guiding properties. These have many proposed applications in the field of cold
atoms. However, significant technical progress must be made before many of these
applications can be realised. The objective of the research work was to combine the
TONF with the cold atom setup to develop tapered optical nanofibres as a tool that
can be used in cold atom experiments. This thesis presents a novel technique to
measure the characteristics of a MOT by monitoring the spontaneous emission from
the trapped atoms coupled into the guided mode of the TONF. This has allowed the
measurement of cloud profile, loading times and decay times. This serves as a
demonstration that TONFs can indeed play an important role in cold atom physics.
The work presented here also describes a theoretical model for an atom diffraction
grating based on oscillating magnetic fields produced by an array of current carrying
wires.
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Chapter 1: Introduction
1.1

Historical Overview of Laser Cooling and Trapping

Since the concept was first introduced by Hansch and Schawlow in 1975 [I] and
expanded by other authors [2-4], laser cooling of atoms has become a very important
tool in atomic physics research. The formation of 3-D optical molasses, first
demonstrated by Chu ef al.

in 1985 [5] for neutral sodium atoms, provided the

breakthrough that was needed for an experimental realisation of laser cooling
enabling atoms to be cooled to 240 pK. In the same year, neutral sodium atoms were
cooled and magnetically trapped by Migdall et al. [6] with a temperature in the inK
range. A lower temperature was achieved the following year by Chu el al, when the
sodium atoms in an optical molasses setup were trapped in a optieal dipole-force trap
created by a strongly-focused Gaussian beam [7]. In 1987, the first magneto-optical
trap (MOT), created by Raab et al, allowed atomic clouds of sodium, with
temperatures in the pK range, to be cooled and trapped [8]. In the following year
Lett et al observed that, under certain conditions, the temperatures obtained in
optical molasses are in fact much colder than the Doppler limit [9].

These

experimental techniques facilitated the routine production of a cold atomic sample,
of various different atom species, in many laboratories around the world [10-13].
Many significant contributions to our understanding of atomic and molecular physics
[13, 14], as well as precision metrology [15], have resulted from these experiments.
In 1997 Steven Chu, Claude Cohen-Tannoudji and William D. Phillips were awarded
1

the Nobel Prize in Physics for “the development of methods to cool and trap atoms
with laser light”.
Laser cooling and trapping of atoms has led to the production of atom clouds
with low temperatures and high densities. In the 1920s Bose and Einstein predicted
that for sufficiently low temperatures and high densities, a gas of atoms will undergo
a phase transition that is now called Bose-Einstein condensation (BEC).

The

experimental realisation of a BEC was hampered due to the fact that a compression
of the atom cloud leads to an increase in the density but also results in an increased
temperature due to multiple-scattering collisions (i.e. when a photon is emitted by an
atom and consequently absorbed by a second atom).

Thus, laser cooling and

trapping alone is not adequate to create such a quantum system.
Evaporative cooling was the first technique used to create a BEC in 1995
using alkali atoms. This method removes atoms from the trap with energies higher
than that of the average energy. This can be achieved by lowering the depth of the
trap, thereby allowing the atoms with energies higher than the trap depth to escape.
Elastic collisions in the trap then lead to a rethermalisation of the gas with an overall
lower average energy. This was experimentally demonstrated for the first time in
1995 by Anderson et al. [16] using Rb atoms cooled to 170 nK. In the race to create
the first BEC, optical traps were ignored (due to the high collision rate) in favour of
magnetic traps.

In 2001, Barrett et al.

produced the first all-optical BEC by

evaporating *^^Rb atoms using a CO2 dipole trap [17]. The achievement of BEC and
the studies of their properties led to the Nobel Prize in Physics in 2001 being
awarded to E. A. Cornell, W. Ketterle and C. E. Wieman “for the achievement of
Bose-Einstein condensation in dilute gases of alkali atoms, and for early fundamental
studies of the properties of the condensates”. At this point it should be noted that

experimental results and techniques described in this thesis were performed with cold
atom samples (i.e. not a BEC), otherwise known as a thermal cloud of atoms.

1.2

Motivation

There are many motivations behind the work presented in this thesis. As the title of
the thesis suggests, the main motivation is the trapping and manipulation of neutral
atoms. The historical success in the ability to trap, guide and manipulate these
neutral atoms at a microscopic level has led to many different tools that can be used
for this purpose. These tools have also made many contributions to the field of atom
optics where many of the guiding and manipulation techniques are used to create
atom optical elements. In many of these techniques, the guiding, trapping, reflection
and diffraction of atoms occurs close to the surface of a material. When this occurs,
the interaction between the atom and the surface itself must also be considered.

1.2.1 Cold Atom Manipulation
Laser-cooled atoms have become a standard tool in investigating many areas of
physics.

One such topic of particular interest is the development of quantum

technologies based on cold atoms - an area that requires precision control over
atomic position.

Many optical and magnetic techniques have been developed to

transport varying numbers of atoms over long and short distances.
The first obvious way to guide atoms on a macroscopic level was to use large
magnetic coils. This was soon replaced with techniques which could manipulate
atoms on a microscopic level. The first type of these waveguides for cold atoms was
created by Schmiedmayer in 1995 where atoms from an atom beam were guided
along a 1 m section of wire [18]. In 1998 Denschlag ef al. developed two guiding
techniques for neutral atoms along a current carrying wire [19]. In the following

year Fortagh et at. loaded atoms from a MOT into a microtrap, which was created
using a microfabricated wire [20]. In a subsequent experiment the same group were
able to manipulate the trapped atoms using the magnetic field created by a
microfabricated current carrying wire [21], These initial techniques finally led to
wires being nanofabricated on the surface of a chip whose associated magnetic fields
can then be used to guide atoms close to the chip surface [22, 23], Due to their
relatively low power consumption, and the availability of RF evaporative cooling,
atom chips have proven to be an excellent tool for creating BECs [24],
Atoms can also be manipulated and trapped by optical means. In general,
optical traps are based on large intensity gradients creating a strong confinement for
the laser-cooled atoms. This was first proposed for neutral atoms by Ashkin in 1978
[25] and successfully implemented by Chu and co-workers in 1985 [7]. The far-off
resonant optical dipole trap, which was demonstrated by Miller et al. in 1993 [26],
can be used to transport atoms a distance of the order of centimetres with submicron
precision [27]. This has also been demonstrated for single atoms, where an atom has
been trapped in an optical dipole trap and transported into a high finesse optical
resonator. After some period of time, when the atom was strongly coupled to the
resonator, the dipole trap was used to remove the single atom [28].

A similar

method, the so-called optical tweezers, was implemented by in 2002 by Gustavson et
al. [29], where a BEC was loaded into an optical trap whose focusing lens was
mechanically moved. This allowed movement of up to 40 cm within a few seconds.
Evanescent fields can also be used to create a large intensity gradient and,
thus, have the potential to trap atoms close to surfaces. In 1995, Renn et al. used red
detuned evanescent fields through a hollow-core optical fibre which attracts atoms to
high intensities in the central region along the axis, and thus guides the atoms along

the internal axis of the fibre [30]. In a similar method, Muller el al. used hollow-core
optical fibres with blue-detuned laser light to guide atoms through the hollow fibre
[31].
In the context of work presented in this thesis, tapered optical nanofibres
(TONFs) offer similar methods which can be implemented to simultaneously trap,
manipulate and probe atoms, making it a powerful tool in this research area. Three
methods have been proposed where atoms can be trapped very close to the surface of
the fibre [32-34]. Two methods, which are experimentally more viable, involve the
trapping of atoms using evanescent fields which can then be used to manipulate the
trapped atoms. One method involves an array of microtraps being setup along the
surface of the fibre [34] and the other involves trapping atoms in the potential created
from red and blue detuned light [33]. It has also been predicted and experimentally
observed [35] that atoms close to the surface can spontaneously emit photons into the
guided modes of the fibre. This offers a technique whereby low numbers of trapped
atoms can be efficiently probed. Alternatively, the trapped atoms can be probed
through the absorption of an on resonance beam propagating through the tapered
fibre.

1.2.2 Atom Optics
At the beginning of the twentieth century, it was perceived that atoms behave like
particles. With the advent of quantum mechanics, it was realised that atoms have
both particle and wavelike properties. The study of these wavelike properties has led
to the development of the field of atom optics where atoms can display many
features such as diffraction, reflection and interference due to their de Broglie
wavelength. One of the goals in the field of atoms optics is to realise devices that are
analogues of conventional optical devices, such as atom mirrors, atom lenses [36],

atom diffraction gratings [37] and atom beam-splitters [38], Many of the guiding
and trapping techniques described in the above section can be implemented to realise
these atom optics elements.
Significant research has been perfonned in the realisation of atom mirrors
since they are viewed as crucial elements in the development of large area atom
interferometers to be used as very precise sensors. One atom mirror design relies on
the repulsive force from a blue detuned evanescent field on the surface of a prism,
which creates a steep optical gradient that repels atoms incident on the dielectric
surface.

Such mirrors were proposed by Cook

and Hill in 1982 [39] and

demonstrated by Balykin et al. using an atom beam [40] and by Kasevich et al. with
cold atoms at normal incidence [41].
Building atom guides using current carrying wires and magnetic fields has
been very successful, and has been used to demonstrate many atom optics devices.
The main attribute to the success of these techniques is due to the fact that structures
can be microfabricated on atom chips as described earlier. The idea of atom mirrors
produced by electric and magnetic fields was first proposed by Opat [42] and was
realised by using magnetic material from audio tape [43], floppy discs [44], amongst
other materials. Other techniques have also been developed in the realisation of
atom mirrors. These techniques involve permanent magnets [45], array of current
carrying wires [46], cobalt single crystal [47], evanescent fields [47] and
microfabricated structures [48]. It is worth noting that the evanescent field atom
mirror can be used as a quantum selector, where identical atoms can be reflected in a
different quantum state [49].
Atom beam-splitters are also a key element in the field of atom optics - again
for their practical use in atom interferometers.

In 2000, Cassettari et al. used a

single microfabricated current carrying wire on a chip in a Y-shape to guide atoms
[38]. By varying the ratio of the currents in each arm, while maintaining a constant
overall current, the number of atoms coming out of each arm was controlled, and
therefore acted as an atom beam-splitter. In 2001, Muller et al. improved on this
concept by using a two wire system which eliminated many of the experimental
problems which were encountered using a single wire.
Optical forces have also been implanted to produce atom beam-splitters. As
described above, the evanescent wave, resulting from a laser beam totally internally
reflecting off a dielectric surface, can be used to produce an atom mirror. In 1989
Hanjal el ai. proposed that two counter propagating beams, reflecting from the
surface, interfere to produce a sinusoidal oscillation in the evanescent field potential
that can be used to create an atom beam-splitter or a diffraction grating [50]. This
was experimentally observed by Christ ct al. in 1994 [51].

1.2.3 Surface Interactions
Over the past decade the fabrication techniques which are used to make
various micro and nanostructures have improved dramatically.

This has led to

dielectric structures such as tapered optical nanofibres [52], microspheres [53],
microdisks [54] and microtoroids [55].

The latter three dielectric devices when

pumped using an optical light source maintain a whispering galley mode, which
partially propagates in the evanescent field. It has been proposed that this evanescent
field can be used to trap and simultaneously detect laser-cooled atoms [56]. Due to
these atoms being trapped and guided close to the surface using evanescent fields,
surface interactions between the atoms and the dielectric surface must be taken into
account. The dominant short range electromagnetic interactions that take place in
this context are the van der Waals and Casimir-Polder forces. The ability to trap and
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control neutral atoms close to surfaces has advanced the measurement of these
forces. In 2001, Shimizu was able to measure the van der Waals force with an
accuracy of 30% by measuring the reflectivity of atoms from an evanescent atom
mirror which used blue detuned evanescent field to reflect incident atoms [57]. In
2005, Harber el al. performed high-precision measurements of the Casimir-Polder
force by detecting perturbations of the frequency of centre-of-mass oscillations of the
*^^Rb Bose-Einstein condensate perpendicular to the surface [58].
The study and precision measurement of atom-surface interactions has made
significant contributions to particle physics, precision science and nonoscience. It is
well understood that these structures affect the rate of spontaneous emission of atoms
close to their surfaces [59]. Some of this spontaneous emission can be coupled into
the dielectric body and may yield information regarding the interaction between the
atom and the surface. The fact that the spontaneous emission of atoms close to the
surface of a TONF can be efficiently coupled to the guided mode of the fibre makes
it an efficient tool that can be used to investigate such effects.
There is also a theoretical prediction of the frequency shift of the emission
spectrum of the atoms as it approaches the fibre surface [60] based on the combined
frequency shift of the Casimir-Polder and van der Waals effects. Contributions to
this effect have already been observed by Sague et al. where asymmetries in the
absorption profile of atoms from the evanescent field of a TONF have been attributed
to the van der Waals frequency shift [61]. Similar results were observed by Nayak et
al. in 2008, when the emission spectrum of atoms was coupled into the guided mode
of a fibre [62]. Prior to this, Nayak et al. observed a long red tail in the emission
spectrum coupled into the TONF which was, at the time, attributed to the van der
Waals effect on atoms very close to the surface of the fibre [63]. This was later

shown to be due to atoms stuck to the surface of the fibre and was not observed when
the fibre was cleaned [62], This indicates that atoms close to or on the surface of the
fibre can have a profound effect on the emission spectrum observed.

1.3

Overview of Thesis

The purpose of the work presented in this thesis was to study the interaction between
cold atoms and TONFs. To do this, a new cold atom experiment was built.

A

description of the research work undertaken begins in Chapter 2, where a description
of the theory of atom-light interactions is given. This theory is needed to understand
the laser cooling and trapping of neutral atoms, with particular emphasis on magneto
optical trapping. At first, a simple two-level atom is considered for laser cooling.
Eventually, this is extended to a multilevel system where greater cooling effects can
be predicted.

These cooling effects, combined with a simple magnetic trapping

technique, are used to create a magneto-optical trap, which is the first step in our
experiment, the details of which are given in Chapter 3. Also in this Chapter, the
internal structure of the *^^Rb is explained, as well as many of its associated properties
which are vital for laser-cooling and trapping of ^^‘"’Rb neutral atoms.
Chapter 3 describes the design and construction of the experimental system
used to generate a cloud of cold atoms. This involves combining the vacuum system,
two laser systems, magnetic fields and all the instrumentation required for the
experiment.

This Chapter also describes techniques used to initially set up the

experiment and the day-to-day operation of the entire system. The latter section of
the Chapter is dedicated to the experimental procedures and techniques used to
monitor and characterise an atom cloud.
Chapter 4 introduces the concept of tapered optical nanofibres (TONFs) and
provides some theoretical background and a basic model for the electromagnetic

field propagation in a TONF. This is followed by a description of the heat-and-pull
technique used to produce submicron TONFs in our laboratory. The Chapter then
proceeds to illustrate how many properties of the fabricated TONFs can be
calculated, all of which are based on the waist diameter.

The Chapter ends by

describing some of the limitations of the TONF encountered when using them in
experimental setups.
In Chapter 5 the two main components of our experiments (i.e. cold atoms
and TONFs) are combined to develop a novel technique for measuring the
characteristics of a magneto-optical trap for cold atoms by monitoring the
spontaneous emission from trapped atoms coupled into the guided mode of a tapered
fibre. This technique is compared to standard techniques used for such experiments.
Chapter 6 presents a theoretical model which describes the diffraction of cold
atoms from a wire array grating.

Firstly, the basic operational principles of the

grating are introduced followed by modelling the perfonnance of the diffraction
grating for various operational parameters. Suitable parameters are then selected in
order to implement such a system in cold atom experiments.
During the course of my PhD studies 1 had the opportunity to work in the
Laser Physics Group of Prof Dr. Dieter Meschede at the University of Bonn. During
this two month period work was done on measuring the fibre diameter variation in
bottle resonators produced with a heat-and-pull rig. Details of the experimental
setups and experiments performed are given in Appendix B.
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Chapter 2: Laser Cooling and
Trapping of

Atoms

In this Chapter, the underlying theoretical background to laser cooling and trapping
of neutral, alkali atoms is presented. The various aspects involved in the interactions
between light and matter resulting in a force which can be used to cool atoms, are
introduced in Section 2.1. A range of laser cooling schemes, with their specific
temperature boundaries, are also described.

In Section 2.2 these methods are

combined with magnetic trapping techniques to create a laser cooling and trapping
system. Finally, in Section 2.3, the important atomic properties for laser cooling and
trapping of ^'^Rb atoms are presented, with their experimental implications and
limitations.

2.1

Laser Cooling

The basic principle behind laser cooling involves slowing atoms down by means of
absorption and re-emission of resonant light. Laser cooling in l-D can be achieved
by a simple two counter-propagating beam arrangement, with the correct laser
detuning selected [64]. However, by selecting properties of the laser field, such as
propagation

direction,

detuning

and

polarisation

configurations, further cooling can be achieved.
classified with respect to its lowest temperature limit.

orientation

in

various

Each cooling method can be

2.1.1 Doppler Cooling
The concept of Doppler cooling provides a velocity dependant optical force by
taking into account atomic velocity distributions. The force involved is the radiation
pressure force, which arises from the net transfer of momentum when an atom
absorbs and spontaneously emits a photon (cf. Figure 2-01). In order to explain
Doppler cooling, let us first consider an atom with a natural linewidth of
energy eigenstates, a ground state, |g), and an excited state, |e>.

, and two

The separation

between these two states is given by the atomic resonance frequency,

, and the

maximum laser induced coupling between these two states is given by the saturation
intensity,

,such that

L..

where

=

nhcV

(2-01)

3/1/^

is the atomic wavelength of the excited state transition (- c! co^). Now

consider this atom of mass, m^, moving with a velocity,
intensity I^ and wave-vector,

=27T!

in a laser field of

, whose frequency, cOj, is slightly detuned

below the atomic resonance transition (co^ < co^). In the atom's frame of reference,
the laser frequency will appear Doppler shifted by an amount

which is linearly

.

proportional to its velocity, where

Assuming that the laser frequency (from the laboratory’s frame of reference)
is tuned below the atomic transition, for atoms co-propagating with the laser beam,
the Doppler shift is negative and the laser frequency is red shifted away from the
atomic resonance towards lower frequencies.

Conversely, counter-propagating

atoms have a positive Doppler shift and are blue shifted towards the atomic
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resonance. If this shifted laser frequency {co\ - co^ +ru^), is equal to that of the
atomic resonance frequency (- (o\), the atom absorbs a photon whose energy,
^ph -

almost totally converted into internal energy, exciting the atom from

the ground state to the excited state. Though the rate of absorption,

, is optimum

when the above condition is satisfied (i.e. co^ = co\), due to the natural linewidth of
the excited state, T^, absorption can still occur off resonance. The rate of absorption
is, thus, related to the overall detuning of the laser field and the natural linewidth of
the atoms, as well the laser intensity by

2 1
where

l + [2(A,+ruJ/r,f

(2-02)

is the detuning of the laser frequency from the atom’s

resonance transition in the reference frame of the laboratory.

In addition to the

transfer of photon energy, the atom experiences a momentum kick in the direction of
propagation of the laser field due to the conservation of momentum. This recoil,
whose strength is given by

, slows the atom by an amount

/ m ^ for

each photon absorption, i.e. 6 mm/s for Rb atoms.
Once the atom is in an excited state, there are two ways in which the atom
can decay to the ground state.

Firstly, it is possible for an incident photon to

stimulate the atom to decay to the ground state with a resultant photon being emitted
in the direction of propagation of the laser field.

The emitted photon causes a

momentum kick in the opposite direction to the propagation of the laser field.
Therefore, in the case of stimulated emission, there is no net momentum transfer to
the atom, as the momentum kick caused by absorption is cancelled by the kick
caused by stimulated emission and the atom returns to its initial state. In this case.
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the atom is neither cooled nor slowed during the absorption and stimulated emission
process. This process is depicted in Figure 2-01, where the atom follows steps
1^2-^3(a)^l.

1. Scenario

2. Absorption

3(a). Stimulated emission

fikr,
w -■

—|e)
Kick hk. Emitted photon

AAA

—|g)

Figure 2-01: The Doppler cooling cycle of a two level atom.

Alternatively, the atom can decay to the ground state through spontaneous
emission, which is likely to occur for low laser field intensities (
time

After a

= l/T^ , i-C- the life time of the excited state, the atom spontaneously decays

to the ground state and a photon is emitted in a random direction, causing the atom to
recoil in the opposite direction to the spontaneously emitted photon. The scattering
rate,

, resulting in spontaneous emission is given by

R

scot

=F2lA.
J

I

i + /,,//„+[2(A, +®„)/r,f
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(2-03)

The net momentum change due to spontaneous emission over many photon
emissions averages to zero, due to the symmetry of the average distribution of
spontaneously emitted photons. Its contribution to the overall momentum transfer
can, therefore, be neglected.

The net momentum change after N spontaneous

absorption and emission cycles is Ntik^^ in the direction of the laser beam. This
process

is

illustrated

in

Figure

2-01,

where the atom

follows

steps

l-^2^3(b)^4^1.

The radiation pressure force,

, always acts to accelerate the atom in the direction

of propagation of the laser field (i.e. opposes the motion of the atom) and is given by

P
zz +
‘ rp±
—

This force saturates at

2

(2-04)

1

/ 2 for large intensities (/ / >

) due to the increased

stimulated emission rate. In the case where the stimulated emission rate becomes
dominant over spontaneous emission, cooling only occurs for blue detuning. This
cooling is stronger than the Doppler cooling, but does not achieve as low a
temperature. Doppler cooling, therefore, only occurs for light intensities below the
saturation intensity (I^ < 7^^,), when the rate of spontaneous emission is dominant
over stimulated emission.

2.1.2 Optical Molasses^
The previous section considered the case of an atom interacting with a single laser
field. Optical molasses (OM) is fonned when atoms are allowed to interact with two
Molasses is a viscous by-product of manufacturing sugar. This tenn is used in laser cooling due to
the fact the when atoms enter the beam intersection area, their velocity decreases as though they have
entered a viscous material.
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counter-propagating laser fields, which are identical in intensity and the frequency of
which is slightly red detuned relative to the atomic resonance (A, < 0), as illustrated
in Figure 2-02(a). In this discussion we assume that the light intensity is less than the
saturation intensity, i.e.

, so that stimulated emission can be neglected. As

explained previously, the Doppler effect causes the atom to observe the laser fields at
different frequencies depending on whether it is co-/counter-propagating with respect
to the laser beam direction. In the atom’s frame of reference the co-propagating
beam is red shifted away from resonance ico,^ =

-k^v^), whereas the atom sees

the counter-propagating beam blue shifted toward resonance
depicted in Figure 2-02(b).

as

Therefore, the blue shifted light will have a higher

scattering rate than the red shifted light. This imbalance in radiation pressure, caused
by the absorption of photons preferentially from the beam which opposes atomic
motion, results in a viscous damping force causing the atoms to slow down.
The average optical molasses force on an atom,
of the two individual laser beams,

=

±

, is the sum of the forces

and F^ , which is given by

hkv I,
2 F

1

(2-05)

Figure 2-02(c) plots the optical molasses force for the individual counter-propagating
beams,

and F^^_, as well as the resultant net force,

, on the atom. It can be

seen from this plot that, as the velocities approach zero (-> 0), F^^^ varies
linearly with velocity. In this region the total force can be written as
(2-06)
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where

is the optical molasses frictional coefficient (> 0 for red detuned

lasers) and is given by

A
L...

2A,/r,

For low laser intensities and small detuning,

varies linearly with both

parameters. However, for larger values of each parameter,
when

(2-07)

l + 2/,//,„,+(2A,/rJ

saturates at

/4

= 2 and A^ = -F^ / 2 and then decreases.

(a) Laboratory Frame

|c)

V,

cOj^=co^-S^

.^L!

AAA A

e)

•|g>

4

WV

(b) Atomic Frame
r,

^^ = cOl+ky^
Doppler blue
shifted, Ffp,

• |g) Doppler red
shifted, F,

Figure 2-02: The laser frequencies observed from (a) the laboratory frame of reference; (b) the atom’s
frame of reference,

(c) Scattering force experienced by a decelerating atom in two counter-

propagating red detuned laser beams.
Doppler red shifted (

The red and blue lines show the individual forces of the

) and Doppler blue detuned light () while the black line shows the total

net force (Fqm ).

By using three intersecting orthogonal pairs of counter-propagating laser
fields, the atoms can be slowed in all three dimensions creating 3-D molasses.
Atoms within the intersection region of the laser beams can be cooled to a certain
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limit [5]. As an atom is slowed down by this process, the Doppler shift to the laser
frequencies, as experienced by the atom, decreases until the velocity change is so
large that it causes the atom to be out of resonance with both beams. This effect can
be compensated for by changing the laser frequency [65], or by shifting the atomic
resonance condition by applying a varying magnetic field [66].
Due to the spontaneous emission of photons during the cooling process there
is a heating effect which limits the minimum temperature achievable in optical
molasses.

This Doppler temperature limit,

is a balance between the laser-

induced cooling and the diffusion heating processes. Assuming low light intensities,
the equilibrium Doppler temperature limit [9, 67] can be calculated to be 142 pK
from the following:

T

""

2k.

(2-08)

where Ag is Boltzmann’s constant. Though the atoms are cooled, they are free to
move around the laser intersection region (and beyond) due to the absence of a
position dependant force that would bring them back to a single equilibrium position.
Atoms can, thus, easily escape the cooling region due to inter-particle collisions and
continuous absorption and emission of photons.

2.1.3 Sub-Doppler Cooling
During the late 1980s, laser cooling groups began investigating the temperature
effect of arranging 3-D optical molasses in different polarisation configurations. In
1988, temperatures below the Doppler limit were achieved in an optical molasses
setup [9] and measured using a time-of-flight (TOP) absorption technique. This led
to the development of new cooling theories, which considered a multilevel atom.
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light shifts of the ground states, optical pumping of the ground states, and
polarisation gradients in the laser field [68, 69],
The Stark effect is the shifting and splitting of the hyperfine energy levels of
an atom due to the presence of external electromagnetic radiation. When a laser field
is incident on an atom, it causes a perturbation of the energy levels. The coupling
between these shifted energy levels depends on the polarisation of the light field.
Atoms moving in a polarisation gradient will, therefore, be coupled differently at
different positions within the light field and this can be utilised to cool atoms below
the Doppler limit. Two polarisation cooling processes, namely orthogonal linear
polarisation (lin J_ lin ) cooling and opposite circular polarisation (cr ‘ - cr“ ) cooling,
involve polarisation gradients which result from two interfering polarised laser fields,
as shown respectively in Figure 2-03.

(a)
Lin

Figure 2-03: Resultant polarisation gradient from two oppositely (a) linearly polarised
and (b) circularly polarised (O’

—

(J

) counter-propagating laser beams.
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(///? _L lin )

In lin 1 Un cooling we consider two counter-propagating laser beams of the
same frequency with orthogonal linear polarisation. The electric field of such a
configuration can be written as
E=

jrcos(ry/ -kz)-\-

ycos(Mt + kz)
(2-09)

.Y-i- y |cos(ru/)cos(^z) + jc- )’ |sin(<y/)sin(^z)

where x and y are unit vectors, and z is the beam propagation axis.
substituting in k^^ - In I A. and relevant values of z written in terms of

By

, it can

easily be determined that the polarisation of the incident laser fields varies from
linear, to circular, to orthogonal linear, to opposite circular, and back to linear
polarisation over a distance of A, / 2 , creating a very strong polarisation gradient as
shown in Figure 2-03(a).
The simplest method of demonstrating Un _L lin polarisation gradient cooling
is to consider an atom with a

=-1-1/2 ground state, split into two sublevels,

Wg=-t-l/2 and Wg=-l/2, and an excited state J^=-i-3/2 with sublevels
=-3/2, -1/2, -1-1/2 and -1-3/2. The shifting of the hyperfme ground energy
levels due to the Stark effect is given by:
(2-10)

l-r(2A,/rJ^
where

is the Clebsch-Gordan coefficient defined as the coupling rate between

two different magnetic sublevel states which are highly dependant on the polarisation
of the laser field.

The Clebsch-Gordon coefficients for a
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= 1 /2 ^

= 3/2

system are shown in Figure 2-04(a). Given that the laser is always red detuned from
the atomic transition (< 0), the energy shift described in Eqn. 2-10 will always
be negative. Thus, in accordance with the selection rule and the Clebsch-Gordon
coefficients, the shift of the

= -1-1/2 level is maximised for

a'

polarisation and

minimised for cr polarisation. The magnitude of the shift is reversed in the case of
= -1/2. Thus, the magnitude of the splitting of the splitting of the ground state
hyperfme levels will vary periodically which is depicted in Figure 2-04(b).

(a)

(b)

^010^010^0
Figure 2-04:

(a) Clebsch-Gordon coefficients for a J^=\ll-^J^ = 'il2

system, (b)

Illustration of the sinusoidal variation of the ground state energy sublevels in a Sisyphus cooling setup
and the optical pumping of an atom as it travels along the axis of beam propagation.
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CorKiusiHuie 01 icclittology

Now consider an atom in the

= -1 /2 ground state in a region of a' laser

field for the atom {z-X, /8), where the atom is in the lowest possible potential
energy [cf Figure 2-04(b)]. As the atom moves towards the area of cr * polarisation
(from left to right in Figure 2-04(b)), it must climb the potential barrier of the
=-1/2 sublevel.

Due to the conservation of energy, this process converts

kinetic energy to potential energy. Once it reaches the top of the hill, the atom can
regain its energy by falling down the potential hill from z = 3/1^/8 ^ 5/1^/8.
However, if the atom reaches the top of the potential hill (at position z = 3/1^ /8),
with the correct detuning, and the velocity of the atom is in a certain velocity range,
the atom can be promoted to the excited state. In accordance with the selection rule,
the polarisations ;r, cr ‘, and cr drive transitions so that Aw = 0, + 1, and - 1. Given
that the atom is now in the presence of cr* light, it is excited to the m^, =+1/2
sublevel.

Once in this excited state the atom can spontaneously decay to the

ni^ = +1/2 or

= -1/2 ground states. The coupling strengths of these transitions

are give by the Clebsch-Gordon coefficients, as shown on Figure 2-04(b).
For low laser intensities the atom will, on average, spontaneously decay to
the

= +1/2 ground state which is energetically the lowest state (i.e. at the bottom

of the hill), radiating a photon which is blue shifted by an amount proportional to the
light shift splitting of the ground states.

Thus, the atom “radiates” its potential

energy due to the spontaneous emission of a ;t-polarised photon (Aw = 0) of higher
frequency than that which was absorbed, and is, thereby, cooled further. Once this
process is complete the atom again begins to climb the hill as it moves towards the
region of cr , where it is excited to the w^, =-1/2 sublevel and is further cooled
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once it decays to the

= -1/2 ground state at z =

/ 2 . Therefore, the atom is

continuously climbing uphill and being cooled in the process. This cooling is called
Sisyphus cooling after the Greek King of Corinth who, in mythology, was cursed by
Zeus to roll a huge boulder up a hill for eternity.
The polarisation gradient force for Sisyphus cooling,

F,/inl/hi

where

= 3^,,

, is given by

a,:.,.,:., y.

(2-11)

describes the frictional coefficient, and

is the

critical velocity given by

2/c,r^

2 12)

( -

9 4(A,/rJ‘+l’

where r^is the optical pumping time (i.e. the average time taken for an atom to be
excited from one ground state to another ground state via absorption and spontaneous
emission) and other variables are as previously defined.

The force,

, is

optimised for atoms travelling at the critical velocity, whereby the atoms travel a
distance of

/ 8 in time

. Atoms slower than this critical velocity get absorbed

before reaching the top of the potential hill and faster atoms get absorbed after they
have already passed the top of the hill. In both of these situations the atoms are
cooled, but less efficiently.
For <t‘ - a

cooling, two counter-propagating laser beams of equal

intensity with orthogonal circular polarisations are considered. As with lin 1 lin
polarisation gradient cooling, the beams have the same frequency, which is slightly

23

red detuned from the atomic resonance frequency.

The electric field for this

configuration is given by
.r cos{(Ot -kz)+ y sin(ru/ - kz) + E,, xcos{cot + kz) - ysin(6!;/ + kz)
(2-13)
= 2£'(, cos(iy/) jc cos(/:z) + y sin(/:z)

From analysis of this equation it can be determined that there is no phase difference
between the two polarisation directions, resulting in a laser field which is linearly
polarised everywhere, but the direction of the polarisation rotates in a helix-like
manner with a pitch of Aj . Given that the polarisation is constantly linear, the light
shifts of the ground states will be unifonn, and, thus, Sisyphus cooling cannot take
place.
In this case, let us consider an atom with a .7^ = 1 ground state and a

=2

excited state to describe the processes involved. The Clebsch-Gordan coefficients
for transitions between the sublevels is shown in Figure 2-05. For an atom at rest,
the polarisation of the local laser field determines the population distribution among
the magnetic sublevels. For tt polarisation, the
more populated than the
pumping from
Wg

=

0

^

- 0 ground state sublevel will be

± 1 sublevels due to the fact that the rate of optical
is greater than the optical pumping rate from

= -1.

For an atom in motion, we assume the quantisation axis (atom’s frame of
reference) rotates in space so that it is always along the direction of the local laser
polarisation field. This causes an inertial field to appear causing a perturbation of the
magnetic sublevels which is proportional to the velocity of the atoms in the reference
frame of the laboratory. The atoms couple between these states in a non-adiabatic
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manner. This causes an unequal population distribution leading to a different
scattering rate from each of the counter-propagating beams. For an atom travelling
towards the cr

beam, the

=+1 sublevel is populated more than the

This difference in population between the sublevels results in an unbalanced scatting
rate between the two counter-propagating beams. This imbalance is intensified by the
fact that

= 1 sublevel scatters cr* light six times more efficiently than cr” light.

Figure 2-05: Clebsch-Gordon coefficients for a Jg = 1

Je = 2 system.

The difference in scattering rates will always result a radiation force, which opposes
the motion of the atoms, thereby causing them to be cooled. The opposite is true for
atoms travelling towards the cr” beam, since the scattering rate from the cr beam is
now larger and, thus, the atoms are again cooled. It is important to realise that in
circular polarisation gradient cooling the difference in scattering rate between
counter-propagating beams is not caused by a Doppler shift, but rather a difference in
population between the magnetic sublevels caused by the inertial field.
The molasses cooling force, described in Section 2.1.2, is proportional to the
laser intensity and has a capture range related to the detuning of the laser.
Conversely, the sub-Doppler cooling force, described in Section 2.1.3, is dependent
on the detuning of the laser and its capture range is proportional to the laser intensity.
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The viscous damping force experienced by atoms in the sub-Doppler cooling regime
is much greater than for Doppler cooling, but it has a much smaller capture range.
Therefore, atoms must be initially Doppler cooled before sub-Doppler cooling can
take place.
Though sub-Doppler cooling further reduces the mean temperature of a cloud
of atoms, there still remains a temperature limit, which is detemiined by the energy
an atom acquires through spontaneous emission. This recoil limit,

is 370 nK for

Rb and is given by:

T

(2-14)

=

Though it may seem that the recoil temperature is a fundamental limit, many
techniques such as velocity selective coherent population trapping (VSCPT) [70],
Raman cooling [71] and evaporative cooling [16] have allowed temperatures below
this limit to be achieved. Evaporative cooling, in particular, has led to the formation
of Bose-Einstein condensates with mean temperatures in the hundreds of nK range
and lower.

2.2

Trapping of Neutral Atoms

Neutral atoms can be trapped using optical and magnetic forces, as well as a
combination of both techniques. In the majority of cold atom experiments, magnetic
fields are used to compress laser-cooled atoms in a desired region of space by
creating a position dependant force. Neutral atoms were first trapped in 1985 [6]
using laser cooling techniques in combination with magnetic fields
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2.2.1 Magnetic Fields
In the presence of a static magnetic field, B, the Zeeman effect causes atomic energy
levels to subdivide into Zeeman sublevels. The magnitude of the energy separation
of the sublevels is, in general, related to the magnetic field in a nonlinear fashion. In
the case of a weak magnetic field, the Zeeman energy for a particular sublevel is
linearly related to the magnetic field magnitude such that:
(2-15)
where m ^ is the magnetic quantum number,

is the Bohr magneton, and

is the

Landc factor.

Figure 2-06: Magnetic field lines of a quadrupole magnetic field produced by two coils in an antiHelmholtz configuration.

Many complex magnetic field trapping arrangements have been successfully
demonstrated [72-74]. The simplest magnetic field design, which was proposed by J.
Dalibard, is illustrated in Figure 2-06. Here, a pair of identical coils are arranged in

27

anti-Helmholtz configuration" and they create a spherical quadrupole magnetic field.
Dalibard also proposed to use this quadrupole magnetic field in combination with 3D cr ‘ - cr sub-Doppler cooling to form what is now widely known as the magneto
optical trap (MOT).

2.2.2 Magneto-Optical Trap
A MOT uses a combination of both 3-D Doppler cooling and cr' - cr
polarisation gradient cooling methods to cool the atoms in a certain region of space,
and magnetic fields to create a position dependent restoring force to keep the atoms
trapped in this region. Let us first consider a MOT in 1-D as shown in Figure 207(a), where the beam propagation and polarisation orientation is illustrated, as well
as the magnetic field gradient. Due to Zeeman splitting of the hyperfine levels, the
excited state,

=+l, is shifted up in energy for B>Q, whereas the state with

= -1 is shifted down. The opposite effect is true for B <0. The magnetic field
gradient causes the transition energies to vary spatially.

This means that the

frequency difference between the atoms in the Zeeman-shifted sublevels depends on
the position of the atoms.
Consider a laser-cooled atom moving with near zero velocity (so that the
Doppler shift is negligible) on the positive z-axis (i.e. z > 0, .5 > 0). As can be seen
from Figure 2-07(b) the m^=-\ transition will be Zeeman-shifted towards the
resonance of the laser field and the

=-i-l state is shifted away from resonance.

The selection rule states that the optical fields with cr*, cr and n polarisation drive

^ A pair of coils are said to be in anti-Helmholtz configuration when they are placed symmetrically
along their axis, with each coil carrying a current equal in magnitude but opposite in direction.
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the transitions between the ground states and the
sublevels respectively.
resonance for the

m^=0

=+l,

Therefore, at this position, the a

beam is closer to

= -1 transition, whereas the cr' beam is far off resonance for

the m^, =+l transition. This causes the atoms to preferentially interact with the
counter-propagating

cf~

laser field, resulting in a net force in the direction of

propagation of the a beam, thereby forcing the atom back towards the centre of the
trap. For an atom on the negative z-axis side of the trap (i.e. z < 0), the

= -f-1

transition is in resonance with the cr' laser beam and, again, the atom is forced back
to the centre of the trap.

(a)

mc=-1

mo=+1

(b)

me=-1

me=0 mg=+1

01^=0
mo=-1

B<0
Force = <—

Force =-

Figure 2-07: (a) MOT setup showing the linear magnetic field gradient, and two counterpropagating beams with opposite circular polarisation (cr’and cr“ ); (b) the variation of the
Zeeman splitting and the coupling of these transition to the ground state as a function of position.
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An extension of this model can be easily made in 3-D and a schematic of this
is shown in Figure 2-08, where three pairs of red detuned counter-propagating laser
beams intersect at right angles. The intersection area also overlaps with the centre of
the quadrupolc magnetic field produced by the anti-Helmholtz coils.

Many

experimental parameters, such as beam size, beam intensity and magnetic field
gradient [12], play an important role in determining the average thermal temperature
of the atoms, the number of atoms and the atomic density of the MOT. There have
been many other MOT configurations that have been experimentally realised and
demonstrated, including a four beam MOT [75], a pyramidal MOT [76] and a surface
MOT [21].

'coil

a'
Figure 2-08: A pair of coils in an anti-Helmholtz configuration creating a quadrupole magnetic field,
with six beams intersecting at right angle in the centre of the coils. The polarisation of the beam is
such that counter-propagating beams have orthogonal circular polarisation.
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2.3

Atomic Properties of Rubidium

In recent years, many elements from various groups of the periodic table have been
successfully trapped using a range of optical and magnetic techniques [77-81].
However, the alkali metals were the first group of atoms to be cooled and trapped
due to the fact that they offer many advantages over other periodic groups. Each
alkali element contains a closed-cycle transition which is necessary for laser cooling
and trapping.

It is also easy to manufacture lasers which emit radiation at the

wavelengths necessary to excite the various alkali atoms from the ground state to the
excited state transition, primarily in the near infrared. An additional reason for using
alkali atoms is that their low vapour pressure allows vapour to be produced easily, at
temperatures of a few degrees Celsius.
Through the use of spectroscopy, Robert Bunsen and Gustav Kirchhoff
discovered rubidium in 1861. Out of a total of 24 isotopes of rubidium, there arc two
naturally occurring isotopes, ^'^Rb (72.2% abundant) and the radioactive *^^Rb (27.8%
abundant). The two isotopes have different nuclear spins, which has the effect of
different hyperfine structures.

The research presented in this thesis is based on

theory and experiments performed with *^'^Rb atoms and all the work could also be
performed with the other abundant isotope.

2.3.1 Atomic Structure
In the above sections the basic principles of laser cooling and trapping of neutral
atoms has been described. These concepts were explained using the simplest atomic
structure possible for the relevant cooling/trapping process.

To implement these

techniques for the rubidium atom, one needs to consider its hyperfine structure and
its Zeeman/Stark splittings. To investigate these properties, one should examine the
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atomic structure of the atom.
The

rubidium

atom

has

37

electrons

leading

to

an

electronic

configuration, given in spectroscopic notation, of ls“2s^2p^3s^3p^4s^3d"^4p^4d'^5s'.
This means that there is a single valence electron in the 5s orbital which determines
the orbital angular momentum, L, and the spin angular momentum, S. This 5^S|/2
energy level act as the ground state and has a total angular momentum, J, of
where

L

and

S

couple in accordance with the following rule;

|L-5'j<o/<T + 5', where J is the total angular momentum.

The 5p orbital acts as the excited state where there are two possible values for
the total angular momentum, .7^. =1/2 and J= 3/2, which give rise to splitting in
the 5p orbital. These fine energy level splittings, which arc depicted in Figure 209(a), are known as the Di and the D2 transitions. The magnetic dipole interaction of
the outermost electron, which arises from the interaction of the total nuclear spin, I
(7=5/2 for *^^Rb), and the total angular momentum produced by the electron, gives
rise to the broadening of the atomic energy levels resulting in the hyperfme structure
as shown in Figure 2-09(b). The number of hyperfme levels can be determined from
\j -1\< F < J + 1, giving rise to

=1,2,3,4 hyperfme levels in the D2 excited

state transition. Each of these hyperfme levels contains IF +1 magnetic sublevels
that determine the angular distribution of the electronic wavefunction.

2.3.2 Atomic Transitions
The allowed and forbidden transitions between atomic hyperfme levels are governed
by selection rules.
except for F = 0 —>

The selection rule for the hyperfme splitting is AF = 0, ±1
= 0. Therefore, an atom in a certain hyperfme ground state
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may be excited to several hyperfine excited states. Likewise, an atom in a specific
hyperfine excited state may decay to several hyperfine ground states. The hyperfine
transitions of

are shown in Figure 2-09(b), along with the allowed excitations

and decay transitions. From this figure it can be determined that for the Rubidium
atom, the transition

J^=\I2,

= 3 —>

= 3/2,

= 4= 1/2,

=3

forms a closed transition from the ground to excited state provided the laser field is
circularly polarised and, thus, acts as the cooling transition of the MOT.

The

Zeeman splittings of these transitions arc used both Iin LIin and cr' - <t
polarisation gradient cooling as explained in Section 2.1.3.
(a) Rb Fine Structure

( b) ®^Rb Hyperfine Structure

52P 3/2 ■
(t = 26.2 ns)

^

5^Pi/2 —
(t = 27.7 ns)

52s 1/2'
Transitions
Figure 2-09 (a) Fine structure of

Transitions

resulting from the interaction of electron spin and its angular

momentum; (b) the hyperfine structure of ^'Rb illustrating the allowed excitation and decay
transitions.

Though the above-stated cooling transition is a closed cycle, approximately
one in one thousand atoms get excited to the F, = 3 excited state, due to inaccuracies
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in the degree of cireular polarisation, and, subsequently, this atom decays to
the

= 2 ground state.

These atoms cannot be pumped back into the /% = 4

excited state due to the large energy separation between the ground states and they
are lost from the cooling cycle. Therefore, a second laser is required to pump the
atoms from the F^ =2 ground state to the F, = 3 excited state. From here it can
decay to the F^ =3 ground state and rejoin the cooling cycle. Such a laser is called
the repumping laser.
Table 2-01 gives a summary of atomic properties for *^^Rb that are important
when referring to laser cooling and trapping experiments. For further data on ^'^’Rb
see Appendix A.
Table 2-01: Atomic properties of

Property

Symbol

Value

Units

Cooling Transition

=3^^ P,„F^ =4

Repumping Transition

=2^-'

P^.,F^

=3

Wavelength in Vacuum

780.238

nm

Lifetime of Upper State

26.63

ns

Natural Linewidth

r.

2 ■71-5.9

MHz

Saturation Intensity

^ sal

1.63

mW/cm“

Doppler Temperature

To

142

pK

Recoil Temperature

T,.

370

nK
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2.3.3 Summary
Considering a two-level atom system, the atom ean be cooled using two red detuned
counter-propagating beams.

This can be extended into 3-D by means of optical

molasses with a minimum atom temperature of 142 pK being achievable for Rb. By
considering a multilevel atom, whose ground states undergo Stark shifts in a
polarisation gradient, the polarisation of the beams in a 3-D optical molasses setup
can be modified to reduce the temperature to 370 nK. This concept is known as
polarisation gradient cooling and is implemented in conjunction with a m.agnetic
field to cool and trap atoms in a magneto-optical trap. The quadrupolc magnetic
field needed for the trap is generated using a pair of identical coils in an antiHelmholtz configuration.

At the centre of the coils, three pairs of red detuned

counter-propagating laser beams intersect at right angles.

The polarisation of the

beams is set so that polarisation gradient cooling is implemented. This allows atom
clouds to be routinely formed with sub-Doppler mean temperatures.
The rubidium atom offers properties that arc favourable for laser cooling and
trapping experiments due to its internal atomic structure.

To cool and trap ^^Rb

atoms in a MOT two laser frequencies are required. The cooling laser frequency,

=3^

which is slightly red detuned from the
used

as

5'5', ,2T’

the
=—>

cooling

force

Pi, 2^e

and

the

repumping

transition, is
laser

is

locked

to

the

ensuring the all atoms re-enter the cooling cycle.
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Chapter

3:

Operation

Construction
of

the

and

Magneto-

Opticai Trap

The successful realisation of a MOT is technically demanding. There are many
different setups and configurations which allow for the formation of a cold atom
cloud [8, 21, 76], The setups, however, can be broken down to contain the same
principal components: tuneable lasers to cool atoms, magnetic field coils to trap the
atoms, an atom dispensing unit to create an atomic vapour and a vacuum system to
provide isolation from the external environment, thereby minimising collisions that
would lead to heating of the atoms.
This chapter is dedicated to an overview of the design and construction of the
laser cooling and trapping experiment in the Quantum optics laboratory in Tyndall
National Institute, where the research was conducted. The experiments and results
described in this thesis were conducted over a period of four years (2004-2008),
during which time much of the optical setup and vacuum construction has been
modified many times. The MOT was initially built using a glass bottle serving as a
preliminary MOT science cell. This was later replaced by a much larger stainless
steel, octagonal chamber which is described in Section 3.1.
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This section also

contains details on the other UHV components and the procedures necessary to
achieve, and maintain, a vaeuum pressure below 10 ^ mbar. Seetion 3.2 gives an
overview of the laser systems implemented, including the laser stabilisation
techniques used to loek lasers to atomic transitions. Also, in this section, the optical
setup used to aehieve the eorrect detuning, polarisations, beam size and power of the
cooling beam is outlined, along with some alternative eonfigurations that were used
during my studies. Seetion 3.3 deals with the design of the magnetic field eoils
responsible for (i) trapping laser-eooled atoms, (ii) compensating the earth’s
magnetic field and (iii) the small distanee transportation of the atom cloud. Finally,
details of the MOT formation and its characteristics, such as size, shape, and
temperature, are given in Section 3.4, followed by a summary of the chapter in
Section 3.5.

3.1

Vacuum Chamber

Though an atom cloud can be produced at a background pressure of I x lO”^ mbar, its
lifetime - as well as the steady state number of atoms and atomie density - is limited
by the atomic collision rate with the thermal baekground vapour.

Thus, it is

desirable to perform laser cooling and trapping experiments in a UHV system with
base pressures of ~lxl0 ^ mbar. This isolates the atom eloud from the external
environment.

3.1.1 Vacuum Construction
The construetion and assembly of the seeond phase of the vaeuum system, whieh
eonsists of an oetagonal seience (MOT) ehamber, is deseribed in this seetion. An
earlier design, using a glass vaeuum eell, is not diseussed. The vacuum chamber is
designed around the industrial standard ConFlat (C.F) flange technology for
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ultrahigh vacuum. The MOT chamber is a stainless steel octagonal chamber with
eight 2.75" C.F ports around the octagonal surfaces and two 4.5" C.F ports on the
front and back faces. Attached to the eight 2.75" C.F ports are viewport windows,
with anti-reflection coating optimised for transmission at 780 nm light. At a later
stage the bottom window was replaced with a fibre feedthrough flange (cf Section
5.2). A viewport is attached onto one of the 4.5" C.F ports, while the other side is
connected to a stainless steel six-way cross with a 4.5" C.F port on each arm. The
vacuum components, pressure gauges, and the atom source are attached to the arms
of the six-way cross as illustrated in Figure 3-01. The system was assembled with
high purity, oxygen-free copper gaskets on all flanges, and prior to assembly, all
vacuum components were thoroughly cleaned using lint-free cloth and acetone. Two
of the horizontal arms of the six-way cross arc supported using aluminium supports,
which are clamped to the optical table.
Bellows

Pirani/lonisatlon
Gauge

Ion Pump

Six-way Cross

Anti-Helmholtz
Coils

Laser Beam

Octagonal
Chamber

Turbomoiecular
Pump

Valve
Angle Valve

Figure 3-01: Diagram illustrating the vacuum setup with various electrical, optical, pumping and
measurement components necessary to maintain UHV conditions.
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An angle valve, which can isolate to 1x10

mbar, connects the bottom arm

of the six-way cross to the turbomolecular pump (TMP), which has a rotational speed
of 80,000 rpm. A removable, two metre flexible bellow tube connects the TMP in
series to an Ulvac GLD-136C rotary vane pump (RVP) with a pumping speed of 136
litre/min. Connections between the turbo and rotary pumps are made using a cast
clamp closed with a thumb screw, and sealed with a rubber O-ring. A 1 m length of
stainless steel bellows connects the rightmost arms of the six-way cross to a Varian
Starccll Plus 55 ion pump, which has a pumping speed of 50 litre/sec. This large
distance between the ion pump and the chamber protects the MOT from stray
magnetic fields produced by the ion pump. At the top of the six-way cross is a
pirani/ionisation gauge integrated into a single sensor head. All control voltages and
readout currents arc routed via a shielded cable to a controller, from which pressure
readings can be obtained. On the left arm, electrical feedthroughs allow current to be
passed through Rb dispensers that arc attached to the vacuum side of the
feedthrough. This permits the amount of Rb vapour in the vacuum chamber to be
controlled by varying the current applied. For further details on the Rb dispenser see
Section 3.1.4.

3.1.2 High Vacuum
To create a vacuum necessary for cold atom experiments, a three pump system is
used consisting of a rotary vane pump, a turbo pump, and an ion pump, all operating
in different pressure ranges as show in Figure 3-02. Various methods of pressure
measurement are used in these different pressure ranges.
To begin the evacuation of the chamber, the angle valve is opened and the
rotary pump is turned on. The gas is drawn from the chamber into the rotary vane
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pump and expelled through an Edwards FL20K foreline trap. After several hours a
pressure of - 2x10’^ mbar is achieved. This pressure is measured using the pirani
gauge and read from the ionisation gauge controller. The turbomolecular pump is
then switched on and the ionisation gauge controller is set to “emission” and the
ionisation gauge is now used as the pressure measurement device. Once a pressure
of 1x10“^ mbar is reached the ion pump is turned on and the angle valve is closed,
thereby isolating the main chamber. At this point both the turbo and the rotary
pumps arc turned off and the chamber is pumped solely by the ion pump. This has
the advantage of being free of mechanical vibrations due to lack of moving parts.
The pressure can now be read from both the ion pump current and from the
ionisation gauge controller. Using this procedure an ultrahigh vacuum pressure of ~
1 X 10 ’ mbar can be obtained.

Pressure
(mbar)

10-

10^ :

10°
Vacuum
Pumps

10 3

10-5

lO'*

Pirani

10®

•

10-®

10®

TMP

RVP
;

Pressure
Measurement

i

10^

'

10-

lO’®

Ion Pump
I

i

Ionisation Gauge
Ion Pump Current

Figure 3-02; Schematic showing the appropriate pumping techniques and pressure measurement
devices used during the formation of ultrahigh vacuum.

3.1.3 Ultrahigh Vacuum - Bakeout
At room temperature, contaminants on the interior surface of the chamber cannot be
removed using the procedures described above.

During a procedure known as

bakeout, the entire vacuum system is heated to ~150°C causing the contaminants
(such as water) to evaporate and be removed via the ion pump. The rate of out40

gassing approximately doubles for every 10°C increase in temperature. Before the
final operating pressure is achieved it is advisable to check the entire vacuum
chamber for leaks.

This is done by spraying methanol around the flanges and

monitoring the pressure from the ion pump current or ionisation gauge controller. A
leak is indicated by a sharp increase in pressure as the methanol is drawn into the
chamber.
For the bakeout procedure, the vacuum system is broken down into four
parts: the MOT chamber, the six-way cross, bellows and the ion pump.

A

thermocouple is attached to each section and the connections arc fed back to an RKC
MA900 multi-loop digital temperature controller.

The entire vacuum system,

including the ion pump, is then wrapped as evenly as possible in electrical heating
tape and covered in aluminium foil to ensure thermal insulation. The thermocouples
measure the temperature at their designated zones and the temperature controller
applies a corresponding current to the heating tapes, slowly increasing the
temperature to a user defined setpoint using PID control.

The temperature is

gradually increased, ensuring that the temperature gradient docs not exceed the
specified 2°C/min.

A steeper temperature gradient would subject the vacuum

components to irreversible thermal stress.

Care is also taken to ensure that the

pressure does not increase too much as this would lead to the ion pump cutting out
due to increased out-gassing. The vacuum system is maintained at its maximum
temperature for two days, after which the system is slowly cooled again adhering to
the temperature gradient criteria mentioned above.
pressures as low as 5 x 10

After the bakeout procedure

mbar have been achieved which were read from the ion

pump current and converted to pressure reading from a calibration graph provided by
the manufacturer.
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3.1.4 Atom Source
In order to create a cloud of cold Rb atoms, a background vapour of rubidium is
needed from which the MOT can be loaded. In experiments described in this thesis,
SAES getters (Rb/NF/3.4/12 FTIO + 10) were used as the source of rubidium. Each
dispenser consists of several mg of a mixture of rubidium-chromate (Rb2Cr04) with
a reducing agent encapsulated within a thin metal strip. There is a small score on one
of the sides and this is split open by passing a large current (~8 A for 10-15 seconds)
through the dispenser. This also heats the dispenser to several hundred °C, which
breaks the chemical bond of the Rb compound causing a protecting wire that is
overlapping the slit to expand. Thus, the vapour escapes through the slit into the
chamber.

However, before any rubidium can be released from the dispenser, all

contaminants inside the slit need to be removed. This is achieved during a process
know as hurn-in which involves repeatedly applying large currents for short periods
of time. This evaporates the contaminants, releasing them into the vacuum chamber
where they are removed by the ion pump.

From our experience, each dispenser

begins to emit Rb at different currents. It is, therefore, advisable to begin bum-in
with a current of 4 A for 20 seconds. This is repeated several times and, if the Rb
emission is not evident, the current is increased by 0.5 A.
observed

by

passing

-T) ^ 5^

a
=A

laser

beam,

hyperfine

which

transition,

is

The release of Rb is
scanning

through

the

over

the

chamber and

monitoring the resultant fluorescence using a CCD camera which can be seen in
Figure 3-03.

While burning in the dispensers, the pressure is also monitored to

prevent it increasing too much since this may cause the ion pump to short and cut
out.

To avoid this, the vacuum pressure is given sufficient time to decrease and
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stabilise before the bum-in process is repeated. This entire process is continued until
Rb is released from the dispenser.
Once the dispensers are generating mbidium at high currents, an operating
current must be found where enough background Rb vapour is produced to allow the
MOT to be created while retaining UHV so as not to reduce the lifetime of the MOT.
The dispensers arc operated at a low current (~2 A) and it is slowly increased every
15-20 minutes until very weak background fluorescence is observed from a
frequency scanned resonance beam using a CCD camera.

If weak fluorescence

cannot be achieved with a pressure below ~lxl0^mbar it may be necessary to
bum-in the dispensers further.

Figure 3-03: Strong fluorescence observed from on resonance cooling beams.

Two dispensers are mounted independently in our setup, to ensure a backup
system in case of failure, without having to open our vacuum chamber.

The

mounting of the Rb dispensers can be seen in Figure 3-04. The support legs are
attached to an electrical feedthrough using BeCu barrel connectors, and the legs
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extend into the central region of the six-way cross. The legs are bent in the direction
of the MOT chamber ensuring they do no interfere with beam alignment. One of the
supporting legs extends past the dispenser and is bent so that it lines up parallel with
the slit of the dispenser. This prevents a direct line of sight between the dispensers
and the loading area of the MOT, thereby lowering the probability of high velocity
atoms released from the dispenser hitting trapped atoms in the MOT, causing them to
escape. It is also ensured that the support legs are not in contact with the side walls
of the chamber, thus preventing a short of the dispenser supply current.
Connector

CF 4.5'

CF 2.75' aoaptor
flange

Electrical connections

Support legs

Shield

Dispenser

Figure 3-04; (a) 4.5"—>2.75" adaptor flange connected to a custom made 2.75" flange to which
three electrical feedthoughs are connected, (b) The mounting of the Rb dispensers.

3.2

Lasers

In general, there are two different types of laser used to cool atoms: Ti:sapphire
lasers and semiconductor diode lasers. Since the advent of semiconductor lasers in
the 1960’s, they have found many applications in various fields such as spectroscopy
[82], photochemistry [83], microscopy [84], and medical surgery [85].

The

wavelength tuning and spectral characteristics that are necessary for laser cooling
experiments are not commonly achievable by commercially available laser diodes.
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In the majority of experiments in this field, semieonductor diode lasers are used in an
extended cavity diode laser (ECDL) configuration to reduce the linewidth and
improve the control of the laser behaviour [86]. In experiments presented here, the
ECDL lasers used are arranged in a Littrow ECDL configuration [87] which
generally consists of an anti-reflective coated diode, a diffraction grating, and some
optics to collimate and focus laser beams. A schematic of this setup is shown in
Figure 3-05. The rear facet emission of the diode is collimated and sent to the
diffraction grating, which forms the wavelength selective element of the laser by
controlling the cavity length via the piezo element. A fraction of the power which is
incident on the diffraction grating is lost through the zero order diffraction, which
can be used for alignment diagnostics. The -1 order diffracted beam from a grating
is directed back into the laser cavity resulting in a single mode, whose frequency
matches that of the - 1 order. The front facet emission of the laser chip is coupled
out of the laser and collimated forming the laser output beam. This configuration
offers favourable characteristics for laser cooling experiments, such as high power,
decreased linewidth, and a large modc-hop-free tuning range. For this reason - and
due to their wavelengths and compactness - semiconductor diode lasers are
widespread in laser cooling experiments.
Zeroth

Figure 3-05: Diode laser in a Littrow ECDL configuration.
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As explained in Seetion 2.3.2, in order to achieve cold Rb atoms it is
necessary to use two laser systems - the cooling laser and the repumping laser. Both
lasers are locked to saturated absorption spectroscopy (SAS) peaks, using acousto
optic modulators (AOMs) to red shift the frequency to the relevant atomic transition.

3.2.1 Cooling Laser
In our experiments, a Sacher Lasertechnik Tiger laser (TEC-300-795-500) is used as
the cooling laser. The temperature and current are precisely regulated from a Pilot
2000 series laser diode controller. This high-powered Littrow ECDL has a specified
linewidth of < 200 kHz and an output power of ~400 mW for a wavelength of 780
nm and an operational current of 1900 mA. This laser is used to provide optical
power for the cooling beams and, in certain configurations, can provide an onresonance probe beam to optically investigate parameters of the atom cloud (cf
Section 3.2.4).
The laser is operated using an MED 1000 modular laser driver manufactured
by Sacher Lasertechnik. This consists of a display module which allows the user to
monitor the current and the temperature, a laser and thermo-electric cooler (TEC)
driver module (not used for the cooling laser), a PZT-module to scan the laser
frequency and an active stabilisation (AS) module to aid locking the laser to atomic
transitions. A DC voltage is outputted from the PZT-module and sent to the piezo
element which, in turn, is attached to the cavity diffraction grating as shown in
Figure 3-05. When the voltage is applied to the piezo, it expands, causing a variation
in the angle of the grating. Thus, by varying the piezo voltage (O-lOO V), the length
of the cavity, and, thus, the wavelength emission of the laser, can be finely tuned.
The AS module features a function generator, which allows continuous modulation
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of the wavelength by adding a periodie ramp signal (triangle or sinusoidal) to the DC
voltage of the piezo. For further details see Seetion 3.2.6.

3.2.2 Repumping laser
A free-running Sanyo laser diode (DL-7140-201S) made from GaAlAs is used as the
repumping laser. This is mounted in a Thorlabs TCLDM9 temperature eontrolled
laser diode mount and a Saeher Laserteehnik MLD-1000 (identical to that of the
cooling laser) is used to control the current and the temperature. The TCLM9 laser
head, which accepts three pin and four pin diodes, has externally located polarity
switches which allow the laser mount to be configured for all possible laser pin
assignments. Two TECs are used to precisely regulate the temperature of the diode.
In general, these diodes have a maximum output power of 80 mW at a current of
100 mA. For the repumping laser the narrow linewidth requirement is less strict
than for the cooling laser. Equivalently, the need to maintain the laser locked to a
single position relative to an atomic transition is also less stringent. As long as the
laser frequency overlaps some portion of the repumping transition a cloud of cold
atoms can be formed. Though an ECDL configuration would reduce the linewidth of
the diode, it was found that the stabilisation of the laser in the free-running mode is
sufficient for the repumping transition. As there was no extended cavity, the laser
was tuned by scanning the laser current.
There has been a noticeable degradation in the quality of diode being
produced by Sanyo during the past few years.

This has led to instabilities in

frequency locking of the repump laser due to a reduced mode-hop free range and
increased difficulty in tuning the diode to the correct atomic transition. In September
2008, the free-running diode laser system was replaced by a Saeher Laserteehnik
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Lynx ECDL, which has an output power of 120 mW for a driver current of 180 mA.
This Littrow ECDL is operated in the same manner as the cooling laser (as explained
in Section 3.2.5) regarding frequency/wavelength scanning. Results presented in this
chapter were achieved using the free running Sanyo laser, whereas the results
presented in Chapter 5 were achieved using the Sacher Lasertechnik Lynx laser
system as the repumping laser.

3.2.3 Laser Mounting
In order to obtain a cloud of cold atoms it is critical that the cooling laser does not
drift from the correct atomic transitions. For this reason it needs to be locked and
stabilised to the relevant frequencies with a precision better than 1 MHz. Long term
stability can be achieved by temperature control, external vibration isolation and
electronically locking the lasers to the desired transition.
The emission wavelength of a laser diode is constantly drifting due to
external instabilities such as temperature drift and vibration coupling. The cooling
laser is mounted on a block of metal which has an internal U-shaped tunnel drilled
out. This allows water to continuously pass through the mounting block, maintaining
the laser head at a constant temperature. To reduce the effect of vibration coupling,
the mounting block was supported on fours stilts with rubber pads between the
interfaces of the laser mounting block and the table, as can be seen in Figure 3-06. In
contrast, for the repumping laser, both the Sanyo free running laser and the Sacher
Lasertechnik were simply connected to their mounting bloek, which was clamped to
the optical tables. An isolation box is also placed around both the repumping and
cooling lasers to avoid thermal variation caused by air currents in the laboratory.
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Figure 3-06: Mounting of the cooling laser showing the vibration isolation support stilts and the
mounting block through which water runs to maintain constant temperature.

3.2.4

Optical Setup

The layout of the optical system is shown in Figure 3-07 for both the cooling and
rcpumping lasers. The output of the cooling laser is passed through a 40 dB optical
isolator (Isowavc Ltd, model 1-7090-CM) to prevent any back-reflections from
entering the laser cavity. After this, the beam is passed through a half-wave plate
and a polarising beam-splitter (PBS) cube.

By rotating the half-wave plate the

amount of power available for the experiment can be controlled. The transmitted
beam is focused onto an AOM (AOMl).

The frequency shift of the AOM is

controlled by the frequency of the radio frequency (RF) signal sent to the AOM from
its driver, which in turn is controlled by the voltage controlled oscillator (VCO)
voltage set by the user (0-10 V). The amplitude of the RF signal sent from the driver
is controlled by the modulation (MOD) voltage (0-1 V), and controls the amount of
optical power in the diffracted order. The amplitude of the RF signal sent to AOMl
from its driver is set so that 5% of the optical power is in the -1 diffraction order.
For this particular setup the frequency shift is set to 80 MHz. This sets the MOT
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beams to 12 MHz red detuned from the eooling transition, provided the -1 order
beam is loeked to the

= 3 ->

5^

S'

-

(3,4)^^^ erossover peak (ef. Seetion

3.2.5). The frequeney shifts of the AOMs are eontrolled from a LabVIEW program,
whieh is briefly deseribed in Appendix C. At the output of AOMl, both the zeroth
and -1 orders are eollimated and separated by defleeting the zeroth order beam. The
-1 order beam from AOM1 is sent direetly to the saturated absorption speetroseopy
(SAS) setup so that the laser frequeney ean be loeked to a speeifie transition in the
hyperfme speetrum of the Rb atom (ef. Seetions 3.2.5 and 3.2.6).
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Figure 3-07: Simplified schematic of the optical setup for both the repumping and cooling lasers.

The zeroth-order is used for the MOT beams and is expanded to a diameter of
~18 mm using a Galilean teleseope and passed through a series of half-wave plates
and PBS cubes to obtain three beams of equal intensity. Following this, each beam is
sent through a quarter-wave plate which is orientated to convert the polarisation of
the beam from linear to circular polarisation. The beams are then aligned to pass
through the centre of their respective viewports and intersect at the geometric centre
of the octagonal chamber as shown in Figure 3-01. When the three beams emerge
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from the chamber through the relevant viewports, the circularly polarised beams pass
through a quarter-wave plate and are retro-reflected back along the same path. The
process of passing through the quarter-wave plate twice has the effect of converting
the circular polarisation, to opposite circular polarisation as required. Thus when the
beam is retro-reflected, the counter-propagating beams have orthogonal circular
polarisations. The alignment of the beams through the chamber is shown in Figure
3-01.
After passing through a 38 dB optical isolator (Avesta Project Ltd, model
5AF138-780), the primary repumping beam propagates through a 2 cm thick Perspex
block.

At each air-Perspex interface there is a ~4% reflection resulting in two

separate beams, which arc used in the SAS setup for this laser. The primary beam is
then focused onto AOM2, configured for a frequency shift of 50 MHz with ~60% of
the optical power in the +1 diffracted order.

This sets the +1 order beam on

resonance with the repumping transition provided the SAS setup is locked to the
- ^ ^

crossover peak (cf. Section 3.2.5). Though an

AOM is not necessary for the repumping laser, as locking to the crossover peak will
allow an atom cloud to be formed, it provides a means of quickly switching the laser
beam on and off. Once the correct order has been selected from AOM2, the beam is
passed through a Galilean telescope where the beam diameter is expanded to 15 mm.
The expanded beam then passes through a half-wave plate whose orientation is set so
that the full beam power is transmitted by a PBS cube and emerges to follow the
same beam path of a single cooling beam.
Though the above setup was used to obtain results presented in this thesis,
due to experimental limitations of this setup many other optical configurations were
successfully implemented and tested for the cooling laser. Figure 3-08 shows two of
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these setups which have different advantages over that shown in Figure 3-07. These
configurations were adopted to allow the formation of a probe beam whose
frequency can be manipulated independent of the SAS setup and the MOT cooling
beams. Figure 3-08(a) shows a setup that used three AOMs to generate SAS, MOT,
and probe beams. The first AOM (AOMl) allows 5% of the optical power to be
diffracted into the +1 order to create a beam for the SAS. AOM2 is in a double-pass
configuration and creates a beam from which all MOT beams are subsequently
derived.

The advantage of the double-pass configuration is that it allows the

frequency of the MOT beams to be varied without interfering with the MOT beam
alignment.

AOM3 is also in a double-pass configuration, thereby allowing the

frequency of a probe beam to be scanned over an atomic transition using the VCO of
the AOM driver. Note, however, that the double-pass configuration does reduce the
overall optical power available for the cooling and probe beams.

In this

configuration AOM 1 is set to give a frequency shift of 81.5 MHz, AOM2 is set to 65
MHz, AOM3 is set to 71
5^5',,2F^ = 3

MHz and the SAS beam is locked to the
crossover peak. This gives the MOT beams a

detuning of -12 MHz from the cooling transition, and allows the probe beam to be on
resonance with this transition.
The SAS beams in Figure 3-08(b) are derived from reflections off a Perspex
block, as described above for the repumping laser. The MOT beams come from the
+ 1 order of the single pass AOMl. Relative to the configuration shown in Figure 308(a) this increases the power to the MOT beams, but the ability to vary the detuning
of the MOT beams without disturbing the beam alignment is lost. The probe beam in
this setup is derived in the same manner as Figure 3-08(a). In this configuration,
provided the SAS setup is locked to the 5^ S^ ,
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crossover peak, the AOMl frequency shift of 80 MHz sets the MOT beams to 12
MHz red detuned from the cooling transition and the AOM2 shift of 46 MHz brings
the probe beam on resonance with this transition.
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Figure 3-08: Schematic illustrating two alternative optical configurations that were successfully
implemented.

3.2.5 Saturated Absorption Spectroscopy
Though the precautions mentioned in Section 3.2.3 reduce the effect of temperature
drift and vibration coupling, it is still necessary to lock the laser to an atomic
transition.

There are many ways in which lasers can be stabilised to atomic

transitions. Though techniques such as frequency modulation [88] and modulationtransfer spectroscopy [89] offer excellent signal-to-noise ratios and stability, they
require a lot of optical and electrical equipment. Techniques such as polarisation
spectroscopy [90] and dichroic-atomic-vapour laser lock (DAVLL) [91] are much
easier to implement and are widespread in laser cooling experiments. However, the
most common method to lock a laser is to use saturated absorption spectroscopy,
where a frequency reference signal is obtained by passing a low intensity portion of
the laser beam through a Rb vapour cell and monitoring the transmission.
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Figure 3-07 shows how the beam for the eooling laser SAS is derived from
the -1 order of AOMl and the repumping laser SAS is derived from refleetions from
the Perspex bloek. Figure 3-09 shows the propagation of these beams in the SAS
setup for both (a) the eooling and (b) the repumping lasers. For the eooling laser, the
SAS beam is passed through a half-wave plate whose orientation is set to divide the
beam into a ratio of 3:1 when followed by a PBS eube. The higher power beam is
transmitted, forming the pump beam, and the lower power beam is refleeted. The
latter is further split into two beams using a 50:50 beam-splitter yielding a referenee
beam and a probe beam of equal intensity. These beams are passed parallel to eaeh
other through a eylindrieal Rb vapour eell, of length 45 em eontaining both isotopes
of Rb.

The transmitted intensities are measured by separate photodiodes on a

balaneed reeeiver (BR). This deviee eonsists of two separate photodiodes mounted
on a single module, and the overall output of the balaneed reeeiver is eontrolled by
two potentiometers.

One potentiometer determines the gain of one photodiode

output and the other potentiometer eontrols the gain of the difference between the
two photodiode outputs. The signals which are controlled by the potentiometers arc
subtracted from each other and the result serves as the output of the devices. The
advantage of using such a detector is that common features such as power
fluctuations and noise contributions from the driving laser system can be
reduced/eliminated. The pump propagates in the opposite direction to the probe
beam and is aligned to overlap a large portion of the probe beam in the Rb vapour
cell. Optical filters can be placed before the SAS setup to reduce the power of the
beams if necessary. This keeps the beam intensities below 7^^,, preventing power
broadening effects [92].
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The SAS setup for the repumping laser is shown in Figure 3-09(b), where the
pump and reference beams are derived from one of the beams reflected from the
Perspex block.

Figure 3-09; Schematic representation of the saturated absorption spectroscopy setup and the laser
locking system for (a) the cooling laser and (b) the repumping laser.

The pump beam comes from the first reflection and is passed through a half-wave
plate prior to being transmitted through a PBS. The beam propagates through the
rubidium vapour cell and is then passed through a quarter-wave plate and a neutral
density filter (NDF) and retro-reflected back on itself The retro-reflected beam is
thus the probe beam (with less power than the probe) and is reflected from the PBS,
having passed through the quarter-wave plate twice. This is then focused onto one of
the balanced receiver photodiodes. The reference beam is propagated through the
rubidium cell and reflected back again at a slight angle so that there is no overlap of
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the beams in the rubidium vapour cell. Once this is reflected from the PBS it is
detected by the other photodiode on the balanced receiver.
The first step in locking a laser is to obtain a hyperfme absorption
spectrum. The setup to do this has already been explained in the above paragraphs.
The velocity of atoms in the vapour cell is derived using a Maxwell-Boltzmann
distribution.

Atoms within the cell will, therefore, have a range of absorption

frequencies due to the span of velocities and their related Doppler shifts.

The

absorption profile of a single laser beam, whose frequency is scanned across an
atomic resonance, will have a Doppler-broadened profile after passing through the
Rb cell and this is observed by detection of the reference beam.
In the case where two counter-propagating beams are overlapped (i.c. the
probe and the pump beams), as both beams are derived from the same source they
will always have the same frequency from the reference frame of the laboratory. If
an atom has zero velocity along the axis of propagation of the probe beam, the atom
will observe an equal frequency from both lasers.

However, the atom will

preferentially absorb from the higher intensity pump beam, allowing the probe beam
to pass through unabsorbed.

This results in transition peaks in the Doppler

broadened signal at frequencies corresponding to atomic transitions. If the laser is
tuned to be midway between two hyperfme transitions which have a common ground
level, the atoms in motion observe a Doppler shift from one beam that brings it into
resonance with one excited transition and observe an equal but opposite Doppler
shift from the other beam bringing it into resonance with the other excited transition.
The atoms again absorb preferentially from the pump beam, resulting in crossover
peaks between the atomic transition peaks in the probe beam.

These crossover

features are more dominant than the actual transitions because more atoms can
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interact with the beams in this way. The crossover peaks and the atomic peaks can
be optimised by ensuring that the probe reflection from the rubidium vapour cell
window is retro-reflected back on itself. It is ensured that this is not the case for the
reference beam (i.e. the surface reflection from the reference is at a slight angle so
that the beams are not overlapping).

Both the atomic transition peaks and the

crossover peaks can be observed, from a Doppler broadened profile, when the probe
beam is detected. Figure 3-10 shows the resultant probe absorption when the laser is
scanned over 10 GHz across the transition of the Rb isotopes. The widths of the
Doppler-broadened transitions are approximately 500 MHz due to motion of atoms
in the vapour cell. The hyperfinc crossover peaks can be seen within the Doppler
broadened profile in Figure 3-10.

Figure 3-10: Doppler broadened absorption profile of**'Rb and **^Rb isotopes with hyperfme structure,
as observed by the probe beam which has an overlapped counter-propagating pump beam.

The balanced receiver can be set so that the Doppler broadened signal observed by
the reference beam can be subtracted from the signal observed by the probe beam
shown in Figure 3-10, yielding a Doppler-free hyperfme structure. Figure 3-11(a)
shows the resultant Doppler-free hyperfme structure of the ^'^’Rb repumping transition
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and (b) shows the Doppler broadened *^^Rb eooling transition.

Due to the weak

absorption of the repumping transition, the Rb vapour eell is heated to ~35°C to
inerease the signal-to-noise ratio of the deteeted signal.

Frequency (MHz)
Figure 3-11: }^yperflne transition lines of

(a) 5^Si/2 Fg = 2 —> 5‘P3/2 Fe = (1,3)co. 2-3co (b) 5^S|

2

Fg = 3 - 5'P,v2 Fe = 2, 3, 4, (2,3)co, (2,4)co, (3,4)co.

3.2.6 Locking to a Hyperfine Transition
As explained in Seetion 2.3.2, it is necessary for the cooling laser to form a closed
cycle with the

= 3 —cooling transition. It is also essential for

the rcpumping laser to be in resonance with the ^S^i2F^ =2
repumping transition.

It is, therefore, necessary to lock both lasers to a fixed

frequency (approximately 2r^ red detuned for the cooling laser) relative to the
hyperfine transitions. Due to this stable fixed laser frequency, atoms are permitted to
continuously undergo the processes involved in sub-Doppler cooling and magnetic
trapping. To perform such a task the laser is first tuned to the correct frequency
region using current, temperature, and PZT voltage.
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The PZT is modulated by

superimposing a 10 Hz triangle waveform, produeed by the active stabilisation
module of the MDL 1000, onto the DC output of the PZT module. The amplitude of
this modulation signal determines the range of the laser frequency scan.

The

resultant absorption signal observed by the balanced receiver in the SAS setup is
utilised to stabilise the repumping and cooling lasers to a position relative to an
atomic transition using a top-of-peak locking method. As can be seen from Figure 311, the crossover peaks provide a substantially larger signal, thus potentially
providing a more suitable signal for a stable lock. The frequency shift provided by
the AOMs has already been explained in the previous section
By reducing the amplitude of the ramp applied to the PZT, and controlling
the PZT DC voltage, one can decrease the scan range to a desired absorption peak.
This absorption signal is sent to the input of a lock-in amplifier. A small amplitude
signal, 5 kHz dither sinusoidal waveform, produced internally by the lock-in
amplifier, is applied to the piezo and superimposed on the signal sent to the laser
cavity. The dither signal also acts as a reference signal for the lock-in amplifier,
which scans through the photodiode signal and, through phase sensitive detection,
amplifies the signal which is in phase. This amplified signal is monitored on an
oscilloscope as shown in Figure 3-09.
The lock-in amplifier transforms the amplified absorption signal into a
derivative signal that is used as a reference signal for the locking electronics. This
then produces an error signal, also observed on an oscilloscope, whose gain can be
controlled by a feedback setting on the AS module. The DC offset of this signal is
set so that the error signal crosses the 0 V line on the oscilloscope when the SAS
peaks are at a maximum. This error signal, along with an associated absorption
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signal, can be seen in Figure 3-12. The error signal has a steep gradient and crosses
the 0 V line at the peak of the transitions to which the laser can be locked.
To actually lock the laser the ramp amplitude is reduced, keeping the zero
erossing of the error signal in the centre of the oseilloscope screen using the PZT.
Once the ramp is fully switched off, an internal integrator is switched on and the
error signal is integrated with some user-defined gain. This locks the laser and a
feedback signal is sent to the voltage of the PZT to compensate for any frequency
jump or drift.

Figure 3-12;

hyperfine absorption signal for the cooling transition (blue) with the associated error

signal (red) where the circle (green) indicates the locking position of the error signal.

3.3

Magnetic Field

Magnetic fields play an important role in the trapping and manipulation of lasercooled atoms. The basic principle under which the magnetic field traps laser cooled
atoms is outlined in Seetion 2.2.

Many different configurations for magnetic

trapping [81,93] and guiding [94-96] of atoms have been realised.
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3.3.1 Trapping Coils
The simplest magnetie trap for eold atoms is generated by passing a eurrent through
two coils set up in an anti-Helmholtz configuration resulting in a quadrupole
magnetic field. Consider two physically identical coils, C, and Cj, each having a
radius

with

separation of
magnetic field,

turns, set up in an anti-Helmholtz configuration with a
between them. If a current

is passed through these coils, the

, at a point along the longitudinal axis is given by the Biot-Savart

law
1

coil ^ coil
^coil ~

where

(3-01)

is the permeability of the vacuum and jc is the distance from the field

point and the geometrical centre between the coils.
The coils in our MOT experiment are wound around a PVC-housing and
positioned on the front and back faces of the octagonal chamber, as seen in Figure 301. The PVC-housing provides electrical isolation from the chamber in case of a
short and can withstand temperatures up to 250°C allowing the system to be baked
out without removing the coils. The coils have a radius of 75 mm, 200 windings of 1
mm enamelled wire and are separated by a distance of 90 mm.

The coils are

operated with a current of 4 A resulting in a magnetic gradient, in the trapping
region, of 10 Gauss/cm as can be seen from Figure 3-13(a). The 3-D profile of the
magnetic field produced by the coils is given in Figure 3-13(b) where the hollow
peaks are caused by the coils emerging from the xv-plane and indicate the strongest
field strength. The central dark region is the potential minimum in which the atoms
are trapped.
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Figure 3-13: (a) Theoretical magnetic field produced by the anti-Helmholtz coils in the axial direction,
(b) Magnetic field strength of quadrupole magnetic field.

3.3.2 Compensation Coils
Three pairs of square eoils arranged in a Helmholtz eonfiguration are plaeed around
the vaeuum system and are used to eompensate for the earth’s magnetic field and
other ambient magnetic fields by creating a homogeneous magnetic field in the
trapping area.

Each pair of eoils is separated by a distance equal to its length,

forming a 3-D cube around the chamber with the MOT trapping area in the centre of
the cube.

The amplitude of the currents for each pair of coils is controlled

independently and is determined by monitoring the expansion of the atom cloud on a
CCD camera when the magnetic trapping field is turned off. The currents in each
pair of coils are adjusted until the MOT expands equally in all directions. These
coils also allow us to modify the cloud geometry.

3.3.3 Translation Coils
Transportation of the cold atoms can be achieved by various magnetic coil
arrangements with minimal loss or heating [94, 97, 98]. When atoms are trapped in
the minimum of a magnetic field they can be moved on a macroscopic level by
adjusting the zero position of the coils. However, this disrupts the alignment of the
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trapping field with the beams and can often perturb the symmetry of the atom cloud.
The MOT can be translated by up to 2 mm using the earth’s compensation coils. For
greater translation distances a series of small coils are placed around the chamber
viewport and these can be used to move the MOT by up to 5 mm.

3.4

MOT Characteristics

Once the various optical, electrical and magnetic components of the experiment are
assembled correctly, it is possible to create a cloud of cold atoms. The ability to
form an atom cloud is not very sensitive to inaccuracies in laser beam alignment,
laser beam-zero magnetic field alignment, degree of circular polarisation, detuning,
etc. However, when determining characteristics of the MOT it is preferable to do so
when the atom cloud has been optimised in terms of shape and number of atoms. To
achieve a large MOT with a large number of atoms, increased laser power is required
using large diameter trapping beams [99, 100]. However, with a six-beam MOT
created from three rctro-reflccted beam, as in our setup, the number of atoms that can
be trapped is limited since the atom cloud causes a dark shadow in the centre of the
MOT beams, thereby disturbing the balance in intensity with the retro-rcflectcd
beams.
In order to first optimise the MOT, it is important that the atom cloud is
formed in the centre of the quadrupole magnetic field. To do this the gradient of the
trap was increased, forcing the atoms into the centre. The gradient is then decreased
in steps, each time using beam alignment and power balance to ensure the MOT
remains in the centre of the trap. Following this, further changes can be made to the
beam alignment and power balance in order to optimise the size and shape of the
cloud.
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3.4.1 Size and Shape of Atom Cloud
It is possible to determine the size and shape of the atom eloud by imaging the
fluoreseenee from the eloud using a CCD surveillanee eamera. Though this method
is not as aeeurate as teehniques whieh involve absorption imaging, for many
experiments it is only neeessary to know relative quantities regarding these MOT
eharaeteristies. Fluorescence imaging also has the advantage that it is easy to set up
with very little equipment and gives the information that is required. Our imaging
scheme consists of a two lens magnification system which collimates and focuses the
trapped atom fluorescence onto a 512 x 492 pixel 1/3" CCD sensor. A schematic of
the imaging system is shown in Figure 3-14(a), while (b) shows an actual image of a
cloud of trapped atoms taken using the imaging system. The lenses, as well as the
CCD array, arc encapsulated in a tube system to prevent any ambient light from
entering the imaging system. Both lenses are mounted on a rail so that they can be
moved independent of each other relative to the atom cloud and the CCD array. The
output of the camera is sent to a monitor for visual indication, and to a PC video card
for further analysis. The fluorescence from the trapped atoms is enough to saturate
the CCD. Thus, in order to obtain an unsaturated image of the MOT fluorescence, a
neutral density filter is placed in front of the focusing optics. An iris can also be
placed before this, so that the reflection from within the chamber can be blocked out
from the imaging system.
Prior to measuring the size and shape of the atom cloud, the imaging system
is calibrated. This involves focusing the imaging system onto an object and using a
computer program to determine the number of pixels for a known dimension. In this
way the number of pixels can easily be converted from horizontal and vertical pixels
into a distance measurement. Once the MOT image has been recorded by the PC, it
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is imported into MATLAB and cross-sections along the vertical and horizontal axis
are taken.
(a)

(b)

Figure 3-14: (a) A schematic illustration of the imaging apparatus for viewing the atom cloud; (b)
Typical fluorescence image observed by the filtered imaging system.

The intensity profile of a MOT is proportional to the atom density within the
cloud.

For atom clouds with a low number of atoms

{N^

<1x10''), the density

distribution of the MOT is expected to be Gaussian which is given by flOl]

C(x) =

where

-

exp

f x-hc
A

1V^) is the peak amplitude,

^

2

(3-02)

is the mean position, and

is the standard deviation. A Gaussian fitting routine can be applied to the vertical
and horizontal cross-sections.

Typical fluorescence analysis observed by the

imaging system can be seen in Figure 3-15, where an intensity plot of the MOT
fluorescence (lower left) is shown as well as the vertical (right) and horizontal
(upper) cross-sections. This analysis is taken from the image shown in Figure 314(b). The dotted lines on the intensity plots indicate the cross-section data and the
solid red lines illustrate the fitted Gaussian profile. The FWHM diameter can be

65

calculated in the following way;

= 2cr^,^,. V2 In 2 . The MOT diameter ean also

be defined as the width of the profile when the amplitude has deereased by

Me,

i.e.

these methods are illustrated in Figure 3-15 where the FWHM

^MOT -

method is illustrated in green, and the

Me

method is shown in blue.
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Figure 3-15: Analysis of fluorescence image from trapped atoms. Loading of the MOT

3.4.2 Loading of the MOT

The velocity distribution of atoms is given by the Maxwell-Boltzmann distribution.
However, only atoms with a veloeity less than the eapture veloeity,

, can be

eooled suffieiently by the laser beams and subsequently trapped in the MOT. Thus,
the capture rate of the atoms,

, is highly dependent on the number of atoms in
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the background vapour below this critical velocity.

In the early design of laser

cooling experiments, molasses and atom traps were loaded using an atomic beam
[102]. This procedure, still necessary for some atomic species, slows the atoms
down before they are trapped, thus increasing the number of atoms with velocities
below

. An atomic beam also has the advantage of having a low background

vapour, thereby minimising the loss due to background collisions. This method also
allows the source of atoms to be turned off quickly in comparison to other methods.
The disadvantage of such a method is that it requires much experimental effort to set
up the apparatus.
The simplest way to load a MOT, with the least amount of apparatus, is to use
an atom dispenser, which produces a background vapour in the chamber when
resistively heated, as explained in Section 3.1.4.

It can be shown that there are

enough atoms in the low velocity tail of the Maxwell-Boltzmann distribution below
^'capt to load a MOT from the background vapour. For a vacuum chamber at 300 K,
less than 0.1% of atoms have a velocity below the capture velocity which is
determined from
A^OM

V capt

where

—

2m

(3-03)

is the optical molasses capture dimension and other parameters have

been explained previously.
The steady state number of atoms,
the capture rate,

, and the loss rate,
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, in a MOT is an equilibrium between
, of the trap. The capture rate is the

number of atoms per seeond entering the trapping volume

, with veloeities

and is given by [11]:

below

cap, =

where

m

^ cap!

Q

(3-04)

^

is the density of the atoms in the baekground vapour and

is the

temperature of the baekground vapour.
In order for an atom to escape from the trap, it must first gain a velocity that
is larger than

. The energy required for this velocity increase can be obtained

from atom collisions or by optical interactions. One source of loss is due to trapped
atoms colliding with background vapour.

Such vapour primarily consists of Rb

atoms released from the dispenser, but also contains other atoms.

This loss

mechanism is proportional to the number of trapped atoms, /V^, and is given by
where

is the loss rate due to collisions with the background vapour

given by [103]
'll T
/O”

where

1

\

^Rb^Rh ,
Pbg ^col +

'V

_ ^Rb'^fg
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m

-

.. _

Rb\^

^
^non Rh ^non Rb
Pbg
non-Rb ^bg

is the atomic collisional scattering cross-section, and

(3-05)

represents the

background density and the superscripts indicate whether or not the atom is
rubidium.
The atomic collisions between trapped atoms, whereby atoms can gain
enough kinetic energy to escape the trap, are also a dominant source of loss from the
MOT [104]. This loss mechanism is proportional to the squared density of the atom
cloud and is given by R^^fJPmot^ [102], where
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density of trapped Rb

atoms

determines the loss rate due to inter-MOT eollisions, whieh is

dependant on the intensity and detuning of the trapping beams. The rate equation for
loading the MOT ean be written as a funetion of the loading and loss rates [105]:

(3-06)

dt

For high MOT densities, the eontribution from eollisions with the background
vapour to the overall loss rate is negligible, and losses due to cold inelastic collisions
dominate. This case is reversed for lower MOT densities. Assuming that the density
of the cloud remains the same, the integral term in Eqn. 3-06 can be written as
CPmotN4, where

is the average density of the MOT, and

accounts for the

fact that the MOl’ density at the edges of the cloud docs not drop instantaneously to
zero. The solution of the rate equation can now be written as
/V, =W,(l-exp[-(/r,,J),
where N, =

and r,,„ =

(3-07)

)' is the lifetime of atoms in

the trap, written as a function of the sum of the losses. The number of atoms and
density of the MOT can be optimised by varying parameters such as beam detuning,
size and intensity [101].
The intensity of fluorescence emitted from the MOT is proportional to the
number of trapped atoms.

Thus, the loading behaviour of the MOT can be

investigated by monitoring the fluorescence from the trapped atoms when the
magnetic field is switched on. An identical imaging system to that shown in Figure
3-14(a) is used to focus the MOT fluorescence onto a calibrated photodiode. The
photocurrent resulting from the fluorescence optical power, P, is converted into a
voltage signal using a load resistance and sent to a PC. By monitoring this voltage a
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real-time loading evolution of the MOT perfonnanee can be inferred. The number of
atoms can be calculated from the following expression;
Att
^sc ^ ph

where

is the energy of a photon and

= tt

subtended by the collection lens of the imaging system, where
of the first lens and

(3-08)

image

is the solid angle
is the diameter

is the distance between the centre of the MOT and the first

lens. The photon scattering rate,

, of a two-level atom is defined by Eqn 2-03

where 7/ , in this case, is the summed intensities of all six cooling beams. Figure 316 shows the loading time of a MOT where the magnetic field was switched on at a
time / = 0. A loading time of

=15.4 seconds and a steady state number of

atoms of N^ = 2.8 x 10** atoms was determined, where N^ = N^ when the MOT is
fully loaded. This data was measured using a LabVIEW program described in
Appendix D.

3.5

x10

Figure 3-16: Loading of the MOT as the magnetic field is switched on at time t=0.
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Prior to making such measurements, the Rb dispenser was turned on and the
background fluorescence was allowed to stabilise for up to 15 minutes. This ensures
that the fluorescence from background rubidium atoms does not fluctuate excessively
during measurements. The fluorescence caused by the background atoms absorbing
and emitting laser light is measured before loading characteristics are determined.
This signal is then subtracted from the loading signal in order to obtain an accurate
result. Once the steady state number of atoms in the MOT is known, as well as the
dimensions of the MOT, the average density can be detennincd by simple
calculation. Typical densities are of the order of 5x10^ atoms/mm^.

3.4.3 Lifetime of MOT
When the Rb dispensers are switched off, the density of the background Rb vapour
and the capture rate reduce to zero. This causes the population of the MOT to
decrease due to collisions between trapped atoms and the non-rubidium background
vapour. The trap lifetime, rnfe, can be measured by monitoring the fluorescence
decay on a photodiode. This is a measure of the trapped atom interaction with nonRb background atoms; thus, the lifetime is expected to be independent of the number
of trapped atoms. The lifetime evolution of the atom cloud is monitored using the
same technique by which the loading times were measured. A plot of the measured
lifetime can be seen in Figure 3-17 with

= 6.8 s and determined as the time for

the signal to decay to Me of the maximum PD signal. This data was observed by
using the graphics user interface described in Appendix D.
When the Rb dispensers are switched off, the background Rb density decays
over a period of a few seconds, depending on the initial operating current. This
interferes with the fluorescence observed from the trapped atoms, causing a slight
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error on the lifetime reading. This error ean be redueed by using an iris to eliminate
background fluorescence incident on the photodiode.

Figure 3-17: Decay of the MOT as the Rb dispensers are switched off at time t = 0.

3,4.4 Density Evolution of MOT
Both the radiation pressure force, caused by the intersection of the six cooling beams,
and the Zeeman shifts of the atomic energy level, caused by the quadrupolc magnetic
field, result in a trapping force which compresses the atom cloud. However, the
force resulting from the re-emission of a spontaneously emitted photon (i.e. when an
atom spontaneously emits a photon which is subsequently absorbed and re-emitted
by a second atom) causes the cloud to expand.

This ‘multiple-scattering’ force

increases with the number of trapped atoms in the cloud and, thus, changes its
behaviour.

This leads to three distinct regimes of the atom cloud, which are

detcmiined by the number of atoms and characterised by the shape and diameter of
the cloud. The atom cloud passes through the temperature limited (TL), the multiple
scattering (MS) and the two-component (TC) regimes as the number of trapped
atoms increases.
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For a low number of atoms

(N A <

10'^), the inter-MOT collision rate is

negligible and the effect of multiple-scattering can be ignored. The temperature of
the cloud in this case is identical to an equivalent molasses setup without the
quadrupole magnetic field [106] and is dependant on the intensity and detuning of
the trapping laser beams. The cloud is spherical in shape with a constant diameter,
detennined by the temperature of the atoms. The density distribution has a Gaussian
shape and increases linearly with increasing number of atoms, though the diameter
and temperature remain the same [13]. This regime is thus called the temperature
limited regime.
For larger number of atoms (10** <

^10*), the density has increased

sufficiently for collective atom interactions to affect the overall behaviour of the
atom cloud. This causes an inter-atomic repulsive force resulting in a constant cloud
density, independent of the number of trapped atoms [107]. The MOT diameter
increases as atoms are loaded into the trap. The multiple-scattering causes a recoil
heating effect, increasing the temperature at a rate proportional to

[102] and

can result in an elongated round-top cloud profile, where the atom density is
distributed uniformly along the axis of elongation [13].

However, the effect of

multiple-scattering limits the density before it significantly increases the temperature.
Therefore, the MS regime is not characterised by the uniform density in the central
trap region (i.e. the round-top profile), since the cloud profile can remain Gaussian
while in the MS regime, but rather a limited density that is independent of the
number of trapped atoms. The reverse is also true; the Gaussian shape is not a true
indication that the cloud is in the TM regime.
As the number of trapped atoms increases past the MS regime

(N^

>10^),

the temperature and the diameter of the cloud increase until the cloud reaches a
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regime of eonstant optieal thiekness.

When the density of the atom eloud is

suffieiently large the trapping beams will be attenuated in the eentre, resulting in a
radiation pressure imbalanee between eaeh pair of eounter-propagating beams. This
eauses the atom eloud to eontraet where it is most dense. If the beams are partially
attenuated this leads to a two-eomponent regime and the eloud has a density
distribution that eonsists of two parts: a small dense ball in the eentre, where the
confinement is strong and a diffuse Gaussian ball extending out to a large radius,
where the confinement is much weaker.

If the beams are fully attenuated the

trapping force in the centre of the cloud is decreased and the cloud expands. In both
eases the loading of more atoms into the cloud results in a decrease in atom density
proportional to

A summary of the behaviour of the atom eloud parameters

can be seen in Table 3-01
Table 3-01: Summary of characteristics of MOT for different regimes.

Regime

Atom Number, N

IL

yv, <10^

Profile

Behaviour

Gaussian

Pmot

^ ^A ’

constant

independent of N^
MS

10' <N^< 10*"

Gaussian,

and/or constant Pi^for

round-top
of
TC

> 10*^

Central dense round- Constant optical
top area, encapsulated
by Gaussian tail
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independent

3.4.5 Temperature of Trapped Atom Cloud
Due to the stochastic nature of light forces, atoms reach an equilibrium between
heating and cooling effects. The temperature of trapped atoms can be determined as
a function of their kinetic energies. There have been several methods devised to
measure the temperature of atoms in a MOT, including time-of-flight (TOP) [108],
release and recapture [5] and forced oscillations [109]. Each technique relies on
different principles and has its own advantages and disadvantages. When the MOT
is in thermal equilibrium, the temperature,

T
‘ MOT =

where

40

, is given by:

m, v

(3-09)

is the mean square radius of the trapped atom cloud, k-- m

spring constant of the system and co^^ is the natural trap frequency.

is the
Thus, the

temperature can be measured as a function of the spring constant [110].

In our

experiment we used the forced oscillations method to determine the thennal average
temperature of atoms in the trap. This technique measures the dynamic response of a
cloud of atoms that is oscillating along the .v axis, at a frequency
force,

by an external

. The motion of the cloud can be treated as a damped hamionic oscillator

and the equation describing the eentre-of-mass oscillation of the trapped atoms is
given by
r, ,

where

,

d~x

dx

(3-10)

is the damping coefficient and x is the position of the centre of the

MOT. The external force can be applied by the on/off modulation of a pushing laser
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beam [111] or by modulating a magnetic field created by a pair of coils [109]. In our
experiment, the external force is applied by modulating the current flowing through a
pair of coils, resulting in an oscillating magnetic field. This exerts a force,

, on

the MOT and leads to periodic motion of the centre point of the trapping field given
by Ax'(/) = <^niax

? where

represents the maximum displacement from

the original position. As the atoms follow a forced harmonic oscillator path their
motion is described by
x{t) = Acos{(o^^J-(p).

(3-11)

where

A=

(3-12)

and
TT

(On

(p =---- tan
^

yjcmip

- (0„

(3-13)

^

'^y damp^^osc

^cing thc damping constant. By performing a frequency

analysis of the phase, g), and thc amplitude. A,

and k' can be calculated.

Given that the mean square radius of the trapped atom cloud, (•^^), can be
detennined from the CCD imaging system as explained in Section 3.4.1, Eqn. 3-09
can be used to determine the average temperature of the atom cloud.
The setup for this temperature measurement is shown in Figure 3-18. Two
small coils in a Helmholtz configuration are placed on either side of the vacuum
chamber. This creates a magnetic field that is superimposed on the much larger
quadrupole magnetic field produced by the trapping coils.
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A signal analyser

internally generates a sinusoidal waveform (‘souree’), whose frequeney is swept in
the range from 4-300 Hz. This signal is sent to the reference input of the spectrum
analyser and is used to modulate the coil current using an amplifying adding circuit.

Figure 3-18: Schematic of experimental setup for temperature measurement of the MOT using the
forced oscillation method.

Once the modulation field is applied, the motion of the trapped atom cloud is
monitored by focusing the atom fluorescence onto a photodiode as explained in
Section 3.4.1 and 3.4.2. However, the imaging apparatus is modified in a way to
ensure that half of the photosensitive area of the photodiode is blocked using a
shield.

This transfonns the signal falling on the photodiode into a sinusoidal

wavefomi, which is sent to the spectrum analyser and detected by phase sensitive
detection. The frequency response analysis is shown for both the magnitude and
phase in Figure 3-19(a) and (b) respectively.
The spring constant,
m^

, where

k,

can be detennined from the frequency

with

^,2 can be measured from Figure 3-19 as the oscillation

co

frequency for which the phase difference between the reference signal and the MOT
modulation is

tt/I

.

Hence, using Eqn. 3-09, the temperature of the MOT can also
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be calculated provided the radius for the non-oscillating MOT was measured using
fluorescence measurement.

Figure 3-19: (a) Magnitude and (b) frequency response of the MOT

Figure 3-20 shows the calculated temperature results for atom clouds created
for increasing trapping power. The .v-axis is given in terms of the total intensity of
the six trapping beams.

For higher cooling laser power the stimulated emission

process is dominant over the spontaneous emission process.

Thus, the cooling

process is less efficient. Therefore, for lower cooling laser powers, the spontaneous
emission is more dominant and the atoms are cooled to a lower temperature.
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Figure 3-20: Temperature measurement using the forced oscillation technique for varying laser
intensity.
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3.5

Summary

Using three vaeuum pumps and a bake-out proeedure, an ultrahigh vaeuum pressure
of ~5xl0

mbar has been aehieved for laser eooling of rubidium atoms.

A

resistively heated getter is used to insert rubidium atoms into the ehamber. The
density of Rb baekground vapour in the ehamber is determined by eontrolling the
eurrent that passes through the getters. The eooling and repumping ECDL lasers are
locked to atomic transitions using SAS techniques. The cooing laser is locked to the
5~
the

= 3 ^ 5^ P^,2^e MOT

beams,

^^
the

AOM provides a frequency shift for

which

are

10

MHz

red

detuned

from

the

cooling transition. The repumping laser is locked to

5^2^^ = 2 ^ 5'crossover peak and an AOM shifts the

frequency by 50 MHz bringing it to the 5^S^ ,2F^ = 25^

-3 repumping

transition. The eooling MOT beams are set up in a six-beam configuration with three
pairs of retro-re fleeted beams intersecting orthogonally. Each cooling beam has a
diameter of 18 mm with an intensity of 2.5 mW/cm‘ and each pair of counterpropagating beams have opposite circular polarisations. The repumping beam is
aligned along the path of a single cooling laser beam. A quadrupolc magnetic field is
produced by a pair of coils in an anti-Helmholtz configuration whose zero magnetic
field point overlaps with the laser beam intersection point. The coils are operated
with a field gradient of ~10 Gauss/cm. The cold atom setup typically traps ~ 10*^
atoms in a cloud with a diameter of ~2 mm and a sub-Doppler temperature of <100
pK. MOT analysis, such as number of atoms, size, shape, etc., is perfonned using
tluorescence imaging techniques and this also allows us to determine MOT dynamics
such as temperature, loading times and lifetimes.
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Figure 3-21 shows the entire

optical setup needed for the laser cooling experiment and Figure 3-21 shows a closeup of the vacuum chamber with surrounding optics and imaging systems.

Figure 3-21: Image of complete setup for the cold atom experiment.
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Figure 3-22: Octagonal MOT chamber, with surrounding optics.
directions.
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Red arrows indicate beam

Chapter

4:

Nanofibres

Tapered
for

Cold

Optical
Atom

Experiments

Tapered optieal nanofibres (TONFs) [112] have reeeived inereasing attention in
reeent years due to the wealth of applications in which they can be used, including
super-continuum generators [113], optical filters [114] coupling devices into optieal
resonators [115] and detection systems for gas [116] and surface absorption [117].
This chapter describes the principles behind the fabrication of TONFs
and includes a description of their important characteristic properties when used in
cold atom experiments, in addition to a discussion on light propagation in such
fibres. Section 4.1 gives the fundamental guiding properties of a single step-index
TONF produced from a standard telecommunication single-mode fibre (SMF). In
Section 4.2, details of the heat-and-pull rig used for the fabrication of submicron,
adiabatic TONFs arc presented. Also in this section, we explain how the shape of the
TONF can be predicted and tailored from experimental parameters associated with
the pulling rig. It should be noted, at this point, that the heat-and-pull rig described
in Section 4.3.2 was initially designed and implemented by Jonathan Ward and
further details of this, as well as other TONF fabrication techniques, can be found in
[118].
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Section 4.3 presents a theoretical analysis of the evanescent field outside the
waist region of the tapered fibre, including a description of parameters such as power
distribution and decay length, both of which are important for light interactions with
cold atoms. Though many of the properties and characteristics associated with beam
propagation through a TONF - and the associated evanescent field - are not relevant
for the experimental results presented later in Chapter 5, they do provide essential
background information for future work that aims at trapping or guiding atoms in the
evanescent field of a tapered fibre.

4.1

Fundamental Properties of Tapered Optical Nanofibres

TONFs arc created by heating and pulling single-mode fibre so that the diameter,
Df

, is reduced to a very thin, uniform waist region. The most important parameters

for the TONI' arc the refractive indices of the core, cladding and the surrounding
medium, which in our case is vacuum. These determine the behaviour of the light
field as it propagates through different sections of the TONF.

4.1.1 Basic Model
TONFs are fabricated from standard telecommunication single-mode fibre (SMF),
composed of a core of refractive index,

, and cladding of refractive index,

.

The basic shape of a TONF is illustrated in Figure 4-01(a). The cladding of the fibre
is made from pure silicon-oxide (Si02), otherwise known simply as silica. The core
can also be made from Si02 doped with Germanium.

The doping element

contributes to the small difference in refractive index between the core and cladding,
thus allowing light to be confined within, and propagate along, the fibre. The core
extends to such a distance that the optical field intensity at the cladding-core
interface is negligible. The index profile of such a model is expressed as
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n{r) =

(4-01)

where a, is the radius of the fibre and r is the radial distance from the centre of the
fibre. This model is illustrated in Figure 4-01(b).
A TONF is composed of three distinct sections: the untapered region, the
transition region and the waist region, which are shown in Figure 4-01(a). In the
untapered region, which can be directly spliced to fibre pigtails for case of integration
into experiments, the mode propagates in the core.

In the tapered section, the

diameters of the core and the cladding decrease at the same rate. At some point the
core is too thin to support the guided mode and it, therefore, extends into the
cladding. As the diameter of the core continues to decrease, the mode extends further
and further into the cladding. Due to the fact that the diameter of the cladding is also
decreasing, the mode eventually extends into the medium surrounding the cladding
and, thereby, is guided by the three different refractive index materials. As the core
decreases even further, it becomes so small that its contribution in guiding the mode
can be neglected. The point at which the core can no longer support the mode,
meaning that the mode is cladding-vacuum guided, is termed the core cut-off point.
In the waist region, where the fibre diameter remains constant, this results in an
increase in the transversal dimension of the fundamental guided mode and it can be
guided outside the fibre with minimal loss [119].

Hence, the taper transition

transforms the local fundamental mode from a core-cladding guided mode in the
untapered region, to a cladding-air guided mode in the waist section.

Thus, the

refractive indices that determine the guiding properties of the TONF are the refractive
index of the original cladding,

which is now the core of the TONF,
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and

, which is now the cladding of the TONF, N-^vac-

the vacuum,

refractive index profile of such a fibre waist can be seen in Figure 4-01(c).
^core->

^ fused silica (Si02) tapered fibre at room temperature, can be

calculated using a Sellmeier-type dispersion equation.
between

and propagation wavelength,

This gives the relationship

, for which the fibre is manufactured.

Assuming the original optical fibre is a SMF for a particular wavelength,

is

determined from [120]:

N core =

0.6961663/1,

0.4079426/1,

A~ -(0.0684043)'

0.8974794/1,

-(0.1162414)'

(4- 02)

T/ -(9.896161)^

where units are all in pm. For TONFs used in our *^^Rb cold atom setup, 780 nm
laser radiation is typically required, since it is resonant with the cooling transition.
Thus, a SMF at 780 nm is needed for successful operation of the TONF. This results
= 1.4537 and it is always assumed that N- 1.

in a value of
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Figure 4-01: Schematic illustration showing (a) the structure of a TONF, (b) the refractive indices of
an SMF and (c) the refractive indices of a TONF.
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4.1.2 Single-Mode Guiding
For many applications of TONFs it is assumed that the fibre is single-mode. The
single-mode condition is determined by a characteristic number, termed the Vnumber, which depends on the fibre diameter, the propagation wavelength and the
refractive indices, such that.
(4-03)

V=
where

=27r /

is the free space wavenumber.

When the F-number is

sufficiently small, i.e. only the two polarised states of the fundamental mode are
guided, the waveguide is said to be single-mode. The step-profile, circular crosssection fibre, as used in the following experiments, is single-mode when V < 2.405 .
The single-mode diameter,

, is the maximum allowable fibre diameter for single

mode operation at a specific wavelength.

Figure 4-02 shows the single-mode

diameters permissible for a range of wavelengths that are commercially available
using inexpensive laser diodes are indicated.

Figure 4-02: Single-mode diameter,

of a silica waveguide for a range of wavelengths.
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4.1.3 Propagation Constants
In order to describe the modal fields, dimensionless modal parameters U , W, and A
are introduced for the core and the cladding such that [121]
(4-04)

w=

(4-05)

and
N dad

A=2

(4-06)

where [5 is the propagation constant. It can be deduced that the waveguide and
modal parameters are related by
V"'=ir-(4-07)
The propagation constant of the guided modes can be obtained by numerically
solving the eigenvalue equations which are given by:
J/{U) ^ K/{W)
J/{U) ^ N^.„^;KdW)
UJ/{U) WK/{W)\[UJ,'{U) n^Jwk;{W)

IP

TmJ

(4-08)

for various HEvm and EHvm modes, where / and m are the radial and angular mode
orders. In Eqn. 4-08, J, represents Bessel functions of the first kind, K, is the
modified Bessel function of the second kind, and higher order Bessel functions can
be expressed as a function of the lower orders:
J,'(U) = J,_,{U)--!-J,{U)-, K,'(W) = -J,_,{W)-I-K,(W).
U
rf

(4-09)

For the TEom modes
J,{U) ^ K,(W)
UJ,{U) WK,{W)
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(4-10)

and for the TMom modes

[ UJ,{V)

WK,{W)

(4-11)

The propagation eonstant of the fundamental, HEn, mode can be evaluated
numerically by solving Eqn. 4-08. Figure 4-03 shows the propagation constants for
the HE|| fundamental mode at 780 nm, as well as some higher order modes. As can
be seen from this figure, the TONF is single-mode for diameters smaller that 0.58
pm which agrees with the value determined from Eqn. 4-03. Henceforth, it is always
assumed that only the fundamental mode exists, propagating with a wavelength of
780 nm.

Figure 4-03: Numerical solution of propagation constant of air clad silica fibre at 780 nm for the
fundamental, HEn, mode and some higher order modes. The red dashed line indicates the maximum
single-mode diameter,

.

4.1.4 Electric Field of Fundamental Mode
The electric field distributions for the radial {e^), azimuthal (e^) and longitudinal
(e.) components of the electric field of the fundamental guided mode in the fibre are
expressed in cylindrical coordinates [122] and are given in the following equations.
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Note that the field distribution ehanges inside and outside the fibre eore. The field
distributions are given by the following:
Inside the core {0< r < a^ )

(4-12)

a^J ,_^{URi)-a^J

)

e. = —
'

iU J,iUR,)

a,J,{U)

(4-13)

gv(^)^

J,{U)

M<P)

(4-14)

and outside the core (a^ < r <cc)

U a^Ki ^{WR,)-a,K,^^{WR )
=-------------------------------------------- • // w) ’
'

W

K,{V)

U a,K, ,{WR^)-a,K,,,{KR,)

(4-16)

= --

W

K,{U)
e. = -

(4-15)

iU K,{WR)
a,P K,{W)

(4-17)

where R, - r I a,. The other parameters in Eqns 4-12-^4-17 are defined in Table
4-01.

Table 4-01: Parameters required to calculate the field components of HEv™ modes of the step profile
fibre.

[cos(/^z^) even modes
f I (^) — s
[sin(/^) odd modes

(u-w)
[ V J

-sin(/^) even modes
g/(<*^) =

^2 =

cos(/^z^) odd modes
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2

-

b, +(1-2-A)

V V
/
U -W J b,+h^

The exact solutions to the radial, azimuthal and longitudinal components of the
fundamental, HEn, mode of TONF for various diameters are shown in Figure 4-04;
these have been calculated with the aid of Table 4-01 and the graphs are normalised
at the centre of the fibre. It is clearly evident that there is a discontinuity in the
electric field at the surface-air boundary'. For large diameters, the mode is strongly
confined within the core of the TONF and the evanescent field becomes negligible.
When the radial and azimuthal components arc compared, it can be seen that they do
not exhibit the same profile. This indicates that the electric field varies azimuthally
around the fibre. These characteristics (amongst others) are discussed in more detail
in Section 4.3 in which the evanescent field properties are investigated.

Figure 4-04: Exact components of the HEn fundamental mode for
component, (b)

e.

azimuthal component and (c)

e.
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= 780

longitudinal component.

nm (a)

radial

4.2

Tapered Optical Nanofibre Fabrication

There are many teehniques used for fabricating TONFs [52, 112, 119, 123], most of
which rely on the same basic principle, i.e. heating a small section of SMF and
pulling it to a very thin diameter. For many applications, the tapered fibre diameter
is pulled to >10 pm in order to ensure low loss across the entire fibre. In such cases,
the low intensity evanescent field of the tapered fibre is compensated for by a long
interaction length beyond the fibre surface. For applications such as coupling to
microcavities a diameter of ~1- 2 pm is used, for which critical coupling can be
achieved [124].

TONFs can now be routinely manufactured with submicron

diameters with minimal loss.
In general, for cold atom experiments the TONF must satisfy several
conditions; (i) the diameter should be less than that needed for single-mode
propagation, D^

, (ii) the transmission should be high and (iii) there should be

a uniform waist over a region greater than 2 mm in length to maximise coupling from
the atom cloud. The small diameter yields an intense evanescent field, which has an
appreciable decay length from the fibre surface. This allows atoms in this region to
interact with the evanescent light field (cf. Chapter 5 Section 5.4). For example, it is
possible to achieve efficient coupling of the spontaneous emission from laser-cooled
atoms into the guided modes of the fibre.

The length of the fibre waist region

ensures that the entire MOT diameter overlaps the waist region. For further details
see Section 5.4.2.

4.2.1 Adiabatic Tapering
The tapering of a single-mode optical fibre can cause a loss in transmission of the
fundamental mode. This is caused by a fraction of the fundamental mode coupling to
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higher order modes and being lost in the proeess. A TONF is said to be adiabatic if
the taper angle is small enough everywhere so that the power lost from the
fundamental mode is negligible. Thus, a gradual gradient results in a long TONF
with very little loss. However, a short fibre is desirable as it is more rigid and is,
therefore, experimentally easier to handle and less suseeptible to environmental
eonditions sueh as vibrational effeets from air eurrents. Due to this trade-off, it is
advantageous to be able to model the adiabatieity and determine the aeeeptable
physieal parameters of the TONF.
The adiabatieity of a TONF ean be determined by the length eriterion [125].
In order for the power loss to be small, the loeal taper length,

, must be

eonsiderably larger than the eoupling length between the fundamental mode and the
most dominant coupling mode [126].

For adiabatic tapering, the next strongest

coupling mode is the LPoi mode. Figure 4-05(a) illustrates the parameters required
when determining the adiabatic criterion.
(a)

(b)

■©)

5

Figure 4-05: (a) Schematic illustration of TONF showing the local taper angle, (b) The core (red) and
cladding (blue) guidance angle combined to give the delineation curve (green).
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The local taper length is given as
a, (z)

^,apcM) ~

(4-18)

^,aperi^)

and the coupling length between the two modes, which is given by the beat length,
^hcai ■>

written as
Ik

(4-19)
Phe,M)-(^)

where

and

are the respective propagation constants of the fundamental

mode (HEii) and the strongest coupling mode (LPoi),

= tan"' \ da^ !dz \ is the

local taper angle, a i is the local taper radius and z is the distance along the fibre.
Therefore, in accordance with the length criterion, provided

^,apcr» Lheu

everywhere along the fibre, the fundamental mode will not couple to higher order
modes and there is minimal loss in the fibre. When

this defines a taper

angle which represents delineation between an adiabatic and non-adiabatic system.
For a diameter greater than the core cut-off point, the taper angle required to
maintain adiabatic guiding of the mode is given by the core guidance angle:

V2A
A

4;r

T7

V

(4-20)

Once the mode is guided by the cladding and the vacuum (i.e. for diameters less than
the cut-off point) the tapered angle can be given by the cladding guidance angle
Q clad
where
local core radius.

I core

2.78Va
2 jr

a,.,- V

(4-21)

^he ratio of the local cladding radius with respect to the

These angles arc plotted in Figure 4-05(b) along with the

delineation curve. These curves dictate the delineation curve in different sections of
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the fibre and the point of overlap detennines the transition between the eore-guided
to the eladding-guided regimes. In general, when the taper angle is ten times less
^heai) *^8^1 propagates in the fibre

than the delineation eurve (i.e.
adiabatieally.

4.2.2 Fibre Shape
From the above analysis, it is possible to deseribe, theoretieally, the shape for the
shortest taper that satisfies the adiabatic criterion [127]. Experimentally, it is the
length of the hot-zone,^
the translation stages,

produced by the heating device and the pull length of
, that determine the shape and length of the TONF. 'Ihc

larger the hot-zone, the longer the pull length needed to reach a required diameter,
resulting in a longer TONF. The opposite is also true, i.e. a short hot-zone leads to a
short fONF.

However, a shorter hot-zone also results in a shorter waist length.

Thus, a compromise between fibre length and waist length is reached. By adjusting
the hot-zone length and the pull length parameters, the physical characteristics of the
TONF can be customised. The shape of the tapered fibre can be approximated [128]
using the following equation [129]:
D, (z) = Do exp

where

-z

(4-22)

is the diameter of the untapered fibre and z is the position along the fibre.

Thus, given the untapered diameters of the core and cladding, the TONF diameter
can be calculated as a function of hot-zone and pull length. Figure 4-06 shows the
theoretical shape of a TONF with a waist of D ^ - 0.52 pm, after being pulled 22
mm in each direction through a hot-zone of 4 mm. By knowing the shape of the
^ The hot-zone is the length of the fibre which is heated to its melting point by the heating element.
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taper, the taper angle can be determined and, thence, the adiabaticity of the fibre can
be predetermined. This allows us to detennine the settings of the pulling rig for
adiabatic tapering before the pulling procedure commences. Note that this model is
an approximation and assumes that there are no radial temperature gradients of the
hot-zone and docs not take into account the gradual reduction in the temperature at
the edges of the hot-zone.

-30

-20
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10

20

30

Axial Position (mm)
Figure 4-06: Shape of taper using a hot-zone of 4 mm and a pull length of 22 mm.

4.2.3 Fibre Pulling Rig
For cold atom experiments it is desirable to have a TONF fabrication system which
allows the user to control parameters such as waist diameter, length and shape. In
our laboratory, TONFs are fabricated using a custom-built pulling rig that uses an
oxy-butane flame as a heat source and is capable of reaching temperatures as high as
1600°C. The setup is illustrated in Figure 4-07. In order to successfully pull a
submicron TONF, the speed of the motors, pull distance, gas flow rate and gas
mixture concentration must be accurately controlled. Oxygen and butane (C4H10) are
mixed together using a dual-inlet torch head.

The concentration of each gas

component in the mixture is controlled by individually manipulating the flow rates of
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the gases as they enter the torch head. It is important to maintain an oxygen-butane
concentration of 13;2 to ensure all products of the reaction are burned and no residue
will be left on the fibre, thereby rendering it worthless. The output nozzle of the
flame head is an 8 mm x 1.5 mm rectangular slit. The gas rates are controlled to
maintain the above concentrations and provide a flat top flame which provides even
heating over a length of fibre. The flow rate must also be limited, as a large flow rate
would cause an up-draught force, thereby causing the TONF to bend for small
diameters. For optimum gas mixture concentration and appropriate flow rates, a flat
flame is produced with a usable hot-zone length of 4 mm.

By observing the

spectrum of the flame it can be determined where the gases are burning
stoichiometrically. The torch head is placed inside an enclosure, which prevents the
external environment (c.g. air currents) from causing variations in the flame
dynamics.

Once the appropriate flame shape and gas concentrations have been

produced, the system is allowed to settle for 10 - 15 minutes.

PC

LabViEW

Figure 4-07: Submicron TONF heat-and-pull rig, which uses an oxy-butane flame as a heat source.
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The motorised pulling rig, which is used to pull the fibre, is mounted on a
small portable breadboard.

This consists of two motors connected to two

independent pulling stages, each of which is capable of supporting a mass of 7 kg.
The motors are controlled using a LabVlEW program, which defines the pull speed
and the pull distance of the stages.

The GUI for this program is described in

Appendix E. The connections between the motors and the PC are such that, when a
signal is applied, the motors are actuated simultaneously but pull the fibre in opposite
directions at the same speed and for the same length of time.
Due to the fact that the TONFs are being produced for cold atom experiments
it is necessary to adhere to UHV procedures when preparing the fibre. Firstly, when
dealing with optical fibres, it is crucial to wear rubber gloves. This not only prevents
dirt/grease being transferred to the fibre when it is being handled, but also prevents
sharp pieces of fibre from damaging the operator. Prior to the heat-and-pull process
the entire fibre is cleaned with swabs doused in acetone. As shown in Figure 4-07,
one end of the fibre spool is connected to a laser diode and the other end is connected
to a photodiode. The fibre spool must be located after the section to be tapered, so
that the cladding modes of the TONF can be suppressed by the long fibre length,
leading to a more accurate transmission measurement. A small section of the buffer,
~20 mm in length, is stripped and this section is cleaned again. This stripped section
is then placed centrally between the two motorised pulling stages, which are initially
set ~35 mm apart. As soon as the fibre is in place, and there is enough initial tension
on the fibre, a pair of magnetic fibre clamps on each stage are used to keep the fibre
in position. Once the fibre is positioned in the flame, the enclosure is shut and the
system is allowed to settle for several seconds while the fibre is heated to its
softening point temperature of 1300°C. The pulling stages are then activated and the
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fibre is pulled a user-speeified distanee at a user-speeified speed. Onee the pull
proeess is eomplete, the TONF is immediately removed from the toreh head to
prevent bending and stress due to the up-draught from the flame. The transmission
of the fibre ean be measured as a funetion of the original probe power. It is often
necessary to wind the motors a little further to tighten the slack that is produced due
to the up-draught pressure of the flame. Sometimes an increase in transmission is
observed at this stage. Using this technique, TONFs with diameters as small as 0.5
pm with a transmission of ~80 % have been routinely produced.

Figure 4-08: Transmission through a TONF as a function of pull distance.

Figure 4-08 shows a TONF with a final transmission of 85% recorded after a
TONF was pulled to a diameter of ~0.6 pm. After a slight decrease in transmission,
the modes propagate along the fibre with different propagation constants and
recombine at the output causing a beating effect on the transmission signal. The
relative phase of the modes as they recombine is proportional to the effective length
of the taper.

Thus, the frequency of beating modes increases as the taper is

elongated. The amplitude of the oscillations is an indication of the number of modes
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present in the fibre. The sharp reduction in amplitude at a pull distance of ~15 mm
(cf Figure 4-08) indicates that the fibre is almost single-mode.
Many methods have been developed to measure the diameter of micron-sized
structures such as TONFs. Techniques based on whispering gallery modes [130],
and Mie resonances [131] set up within the fibre offer very good resolution. Another
technique studies the diffraction pattern generated as light is scattered off the waist
region of the TONF from an incident beam [132].

Due to the availability of a

scanning electron microscope (SEM) this technique was used to measure fibre
diameters.

‘V

j-'

fit ■.

0.66 >im

Figure 4-09: SEM image of a TONF waist region with a diameter of 0.66 pm.

Though this procedure is destructive, it does provide us with a means of calibrating a
xlOO objective microscope with a graduated scale, facilitating the measurement of
fibre waists by optical means with an accuracy of ± 0.1 pm. When the waist region
of a fibre is examined using the SEM it can be seen that it has a uniform waist
diameter with a smooth surface profile, which is beneficial for optical transmission.
An SEM image of a 0.66 pm fibre is shown in Figure 4-09.
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4.3

Evanescent Field Properties

Many properties of a TONF are determined by the diameter of the waist. It has been
demonstrated that TONFs have high power intensities at the fibre-surfaee boundary
[133] with a small evaneseent field deeay length.

For these reasons, most

applieations of TONFs involve the use of the evaneseent field eomponent by passing
a probe beam through the fibre. In terms of eold atom experiments, it has been
proposed that this field ean be used to trap atoms [68].

4.3.1 Field Distribution
The evaneseent field of the waist region has been experimentally investigated using
teehniques sueh as near-field seanning optical microscopy [123] and atom force
microscopy [134], with nanometre resolution. For TONFs, only the energy flow in
the z-dircction is considered, as there is no energy flow in the radial and azimuthal
components [122]. The Poynting vector, S_, which represents the energy flux of
electromagnetic radiation, has the following form [121]:
Inside the core (0< r <a ^ )
"(UR)+

0,^73
5. =

5, =‘

2

where

( rO, \

l<0^core

(4-23)

\- F F

—,((y7?y„„({y/?)cos(2<zJ)

\^oJ
and outside the core (a. <

' (UR) +

r

< go)
a,a,Kj{WR)+a,a,Kj(WR)±
\-2^-F,F^

is the vacuum permittivity,

(WR)cos(2^)

(4-24)

is the vacuum permeability, the + and -

refer to the even and odd modes, and the other variables are defined previously. In
Figure 4-10 the power density profiles for diameter of (a) 0.3 pm, (b) 0.4 pm and (c)
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0.6 fim at 780 nm are shown for an input power of 100 pW. Each part of this figure
has two plots, where the upper plot shows the 3-D optical density, with the x and y
axes representing the respective axes of the fibre and the z-axis is the optical density.
The lower plots show the 1-D density profile on the x and y axes through the centre
of the TONE.
D, = 0.3nm,P = 100pW

(a)

(b)

D, = 0.4nm, P = 100pW

(c)

D, = 0.6Mni, P = tOOpW
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Figure 4-10: Power density plot for diameters of (a) D ^ = 0.3 pm, (b) D/ = 0.4 pm and (c) D f =
0.6 pm for an input power of P = 100 pW. Upper plots show the 3-D density around the fibre, and
the lower plots compare the 1-D density profiles. Dashed lines indicate the surface-air boundary.

As seen with the electric fields discussed in Section 4.1.4, for larger diameters the
majority of the power is strongly confined within the core of the TONE and the
evanescent field becomes negligible. In contrast, for small diameters, the mode is
spread out over the core and into the evanescent field. However, for very small
diameters (D , <0.3 pm) the field density increases and begins to extend further
from the fibre surface with considerable amplitude. This indicates that the light is no
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longer guided by the fibre, but rather diffuses into the external environment whieh is
not desirable. For D, =0.2 jum almost all the power resides in the evanescent field.
We define the decay length of the evanescent field as the distance from the fibre
surface where the field density has reached Me times that at the surface-air interface.
The decay length is ~1 pm and the field strength is considerable even at 6 pm from
the fibre surface.

It can be clearly seen that, for small diameters, the spatial

distribution of the field intensity is not cylindrieally symmetric. In Figure 4-10(a) a
strong dependence of the field intensity on the azimuthal angle is observed in the
outer vicinity of the fibre surface. From the upper plot the intensity can be seen to
vary sinusoidally around the fibre. The lower plot directly compares the profile
along both perpendicular axes.

This sinusoidal behaviour is due to the linear

polarisation of the transmitted light. The effect is most distinct for the smallest
diameter, caused by a larger electric field created by the smaller mode volume, and
becomes less evident as the diameter, and, hence, the mode volume, increases. For
increasing diameters, the discontinuity becomes less pronounced in the x-axis and
disappears for D, > 0.5 pm, whereas the discontinuity remains in the }’-axis profile.
Though the discontinuity persists, for larger diameters the sinusoidal variation
azimuthally around the fibre is negligible, as can be seen from Figure 4-10(c), where
the evanescent field in the jc-axis has the same density amplitude as that in thej^-axis.
Figure 4-10 was plotted for an input power of 100 pW. Even with this small input
power, the light intensity at the surface of the fibre is greater than the saturation
intensity for rubidium atoms of 1.63 mW/cm .

This characteristic offers many

applications for evanescent field-atom interactions. The sinusoidal variation of the
evanescent field around the fibre disappears with circularly polarised light [135].

102

4.3.2 Power Distribution
From Figure 4-10, it can be seen that the fraction of power in the core decreases for
decreasing diameters. This can be calculated from [121]
IV ^
core

^ K^{W)

V-

(4-25)

Figure 4-11 shows the ratio of the power distributed between the core and the
evanescent field. This follows a predicted trend, where the evanescent field power
increases for increasing diameter. Also, for
field increases dramatically.

For

<1 pm, the power in the evanescent

<0.18 pm, the model predicts that all the

optical power will be in the evanescent field. It is important to note that this does not
mean that the transmission of the fibre will reduce to zero. The high intensity field
that propagates close to the fibre surface in the waist region can couple back into the
guided mode of the fibre in the increasing diameter transition region.

Figure 4-11: Fraction of power of the fundamental, HEn, mode in the core of the fibre and in the
evanescent field. The dotted line indicates the single-mode fibre diameter required for 780 nm light.
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4.3.3 Decay Length
From the previous discussion on evanescent field and power distribution, it is
suggested that the decay length of the evanescent field increases for decreasing
diameters. This, however, does not follow a linear trend. Figure 4-12 shows the
evolution of the Me evanescent field decay length as a function of increasing
diameter for both orthogonal axes. As the diameter decreases from 1 pm to 0.4 pm,
the decay length for both axes increases linearly at approximately the same rate, but
only by 0.05 pm.

In this regime, the decay length is approximately the same

azimuthally around the fibre, thus the power variation azimuthally is negligible.
However, for

<0.4 pm, there is a large increase in the decay length due to an

increase in evanescent field power, as indicated in Figure 4-11.

Figure 4-12: Decay length of the evanescent field from the surface of the TONF as a function of
increasing diameter.

4.4

Limitations of Nanofibres in Cold Atom Experiments

Through the years of working with TONFs and cold atoms, many expected
experimental limitations caused far fewer problems than had been expected. The
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TONFs are very sensitive to environmental vibrations but, with great eare, ean be
manufaetured and inserted into a vaeuuin ehamber (ef. Chapter 5, Seetion 5.2.1).
UHV eompatibility was easily aehieved by following UHV eleaning proeedures and
using effeetive mounting and feedthrough systems (ef. Chapter 5, Seetion 5.2.2).
However, in the system deseribed in this thesis there are still some limitations, whieh
restriet the versatility of the TONF, in eold atom experiments.

4.4.1 Power Limitations
Though it has been proposed that TONFs ean be used to trap and guide eold atoms
[34] this proeess requires a substantial amount of power propagating in the guided
mode of the fibre. The intensity profile around the waist area is already described in
Section 4.3.1. This indicates a very large intensity close to the surface of the fibre,
even when there is a low input of 100 pW. When in a laboratory environment, the
resultant heat caused by such am intensity is radiated through the air. However,
when in a UHV environment, there is limited heat radiation. This causes the waist
region to reach temperatures above its softening point and the fibre tends to break.
For a submicron TONF, this effect ean be observed when the optical power is as low
as 300 pW. This outcome may be prevented by using different materials, which
have a higher melting point for the core and cladding of the initial untapered fibre or
by pulsing the light signal.

4.4.2 Limited Lifetime of the Tapered Optical Nanofibres
In Chapter 5 two cold atom detection schemes are presented.

These techniques

involve (i) trapped atoms spontaneously emitting photons into the guided mode of
the fibre, and (ii) atoms interacting with the evanescent field of a TONF. However,
the efficiency at which these detection schemes operate degrade over time.
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Though the TONF is in a UHV system, it is inevitable that the waist area will
eventually beeome eoated with a layer of Rb atoms. This limits the evaneseent field
and, thus, reduees the transmission.

It also reduees the eoupling effieieney of

spontaneously emitted photons into the guided modes of the fibre. The usefulness of
the TONF, therefore, reduces over time.
Due to Rb sticking to the fibre, the dispenser was maintained at low
operational currents.

Flowever, during bum-in processes (cf Section 3.1.4) the

dispenser must be heated until the chamber is flushed with Rb atoms. This can lead
to an increased amount of dirt and Rb being deposited on the TONF. Though an
immediate decrease in transmission was not measured when bum-in was perfomicd,
the effective lifetime of the TONF could be reduced. It is good procedure to achieve
high vacuum (>1x10^ mbar) and then bum-in the dispensers in the vacuum
chamber without the TONF present. Once the burn-in is complete, the vacuum is
opened, the TONF is inserted and the vacuum procedure is repeated.

4.4.3 TONF Motion
To increase the versatility of the experimental setup, we attempted to implement a
system whereby the TONF could be translated through the MOT with nanometre
precision. This would allow us to investigate characteristics such as density, profile
shape, loading and lifetime rates as a function of position within the MOT with
nanometre resolution.

A UHV compatible nanopositioning system based on an

ultrasonic piezoelectric SQUIGGLE® motor (New Scale Technologies) was
incorporated into the vacuum system. This motor met the stringent requirements of a
small spatial footprint necessary for our vacuum system, zero magnetic field, low
out-gassing rate, high precision (20 nm), and long travel distance (25 mm). The
motor was mounted on the vacuum side of the fibre feedthrough, and the fibre
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pigtails of the TONF were allowed to pass from vaeuum to environment (cf. Seetion
5.2.2. The nanopositioning system operates by ultrasonie vibrations in the stationary
thread nut at the top of the motor.

The vibration of the threaded nut produees

rotations in the threaded rod, whieh is free to translate back and forth through the
fixed nut. When the fibre mount was placed horizontally on top of the motor this
allowed the TONF to be translated up and down through the MOT.

Electrical

connections were fed out of the chamber using the electrical feedthrough connections
as shown in Figure 3-04. A photograph of the setup can be seen in Figure 4-13.

Figure 4-13: Photograph of the Squiggle motor mounting system used to translate a TONF.

However, as the motor operates in a vibrational mode, these vibrations arc coupled to
the TONF mount, causing the fibre to vibrate. Due to the fact that the system is
under UHV there is no damping of the TONF vibrations and the waist area continues
to vibrate long after (several hours) the motor has stopped its motion. This causes
power oscillations on the transmitted beam and on any light coupled into the fibre.
Many techniques were used in an attempt to eliminate the vibration coupling to the
fibre, but it was only ever reduced.

For this reason, devices that operate using
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ultrasonic vibration are deemed unsuitable for moving TONFs. However, devices
that function using different operation principles may not contribute vibrations to the
TONF and may successfully operate as required. We did not investigate this further
due to time constraints.

4.5

Summary

Tapered fibres ean be produced from standard telecommunieations single-mode
fibre. The fibre is heated via an oxy-butane flame and each end is pulled in opposite
directions, while monitoring the fibre transmission using a probe beam.

By

eontrolling the pull distanee and the length of the hot-zone, the shape of the fibre can
be controlled and the adiabatic criterion can be met. When the fibre diameter is in
the submicron range, the light is guided due to the refractive index difference
between the original cladding and the air, leading to some of the field being guided
in an evanescent field. As the diameter of the fibre decreases, the fraction of power
in the evanescent field increases along with its decay length. For diameters less than
0.4 pm, the sinusoidal power variation azimuthally around the fibre becomes
dominant. If the diameter decreases below 0.18 pm, all of the optical power resides
in the evaneseent field and some of this light may couple back into the guided modes
of the TONF. One must, therefore, choose between having a small taper, with a
large faction of optical power in the evanescent field that extends quite far, but some
of which cannot be guided, and a larger fibre, which has less power in the evanescent
field, a smaller deeay length, but whose evanescent light is guided.
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Chapter

5:

Tapered

Optical

Nanofibres as a Tool for Probing
MOT Characteristics

Recently, tapered optical nanofibrcs have been used in several novel atom trap
proposals [32-34] with the goal of using the evanescent light field of the TONF to
trap and manipulate the cold atomic sample outside the fibre. This can be achieved,
for example, by a power balance between red and blue detuned light propagating in
the evanescent field, creating potential minima close to the surface of the fibre [33].
Saguc et al.

[34] have proposed an alternative trapping scheme using TONFs,

whereby two-mode interference of blue detuned light is used to create an array of
microtraps close to the fibre surface. The advantage of such trapping schemes lies in
the fact that TONF can be used to confine, manipulate, and probe cold atoms in a
controlled manner. Such techniques provide promising applications for positioning
single particles (e.g. atoms, molecules, ions and biological samples) with high
precision and good efficiency.
This chapter describes a novel technique for measuring the characteristics
of a MOT by monitoring the spontaneous emission from trapped atoms coupled into
the guided mode of a TONF. This chapter begins with an introduction to the theory
regarding the interaction between a TONF and an atom cloud positioned around its
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waist. Section 5.2 describes the procedures and precautions taken to insert a TONF
into a UHV environment. The overlapping of the MOT with the TONF and the
resultant detection scheme is also described in this section. Section 5.3 deals with
the presentation of results achieved by characterising the MOT using the TONF.
Since all the results presented arc for a cloud of thermal atoms (with a temperature of
~100 pK) error analysis is not performed as it is standard practice within this field of
research. All results were viewed as averages over the many atoms within the atom
cloud. Many of the results are once-off runs of the experiment due to the highly
intrinsic nature of the work. Further runs of theses experiments were not possible due
to laser failure. This has since been rectified and forms the basis of current work in
the Ouantum Optics Group’s laboratory. This is followed by Section 5.4, which
presents an alternative setup for cold atom detection using the TONF.

5.1

Atom - Dielectric Interaction

In order to fully comprehend the processes involved when a cold atom is close to the
surface of a TONF, it is important to understand the effects atoms undergo when
located near the surface of a dielectric material. In this scenario, both the near-range
van dcr Waals and far-rangc Casimir-Polder surface potentials need to be taken into
account. These potential can have an effect on the atom density distribution around
the fibre. Experimental [63] and theoretical [60] studies have shown that the spectral
line shape is strongly influenced by these effects.

Another effect that has to be

considered is the increase in spontaneous emission from the atoms as they approach
the fibre surface [136].

lO

5.1.1 Influence of van der Waals Interactions
By definition, the van der Waals force is an attractive or repulsive force that exists
between molecules. In terms of the waist area of the TONF, the van der Waals force
can be viewed as an attractive force that pulls atoms, located within a distance of
A^/10 from the surface of the fibre, towards the fibre [137]. Examples where this
effect can be exploited is if the resultant van der Waals force is used to counteract a
repulsive force produced by an evanescent field thereby trapping atoms near the fibre
surface. The van der Waals potential experienced by an atom near the surface of a
cylindrical dielectric rod is given in [33]. Due to the potential created close to the
surface, the ground state of the atom experiences a larger van der Waals potential
than the excited state. This results in a red shift of the atomic transition frequency,
’ which is given by:

= -

(r - <7/ )■

(5-01)

where C3 is the van der Waals coefficient for the atom being investigated, and /
represents the excited (e) or ground (g) state of the atoms.
ground state and the excited states may refer to the

5~

For **'^Rb atoms the
the

energy levels respectively. The van der Waals coefficient is given in

[138] which is calculated to be 4n kHz(pm)^ for the ground state (Cf) and 6n
MHz(pm)^ for the excited state (CO- The respective frequency shifts can be seen in
Figure 5-01.

Ill

Figure 5-01 Frequency shift due to van der Waals force as a function of the atoms position from the
fibre surface for D^ = 600 nm.

5.1.2 Influence of Casimir-Polder Interaction
The influence of the Casimir-Polder force is well explored [139], In general, van der
Waals attractions arc experienced in the range of r-a^ <A J\0. Conversely the
Casimir-Polder force acts at larger distances from the fibre surface, r -ai >

/lO,

but can never occur on its own when dealing with an atom cloud centred around the
fibre and must always be viewed in conjunction with a van dcr Waals effect [137].
The Casimir-Polder effect also results in a frequency shift, S(0(- _p, of the spectral line
shape. However, this red shift is small when compared to the shift caused by the van
der Waals effect, and is given by

A,

SMr_p{r) =
8;rf ^-t-l £■^-1-1

where

iTiir-a,)

={27r f^)”' is the natural line width,

(5-02)

is the static relative permittivity

of the fibre material and (p{£, ) slowly varies between 0.77 < (p{£,) < 1 and can be
found in [140]. The static permittivity of silica is taken to be 2.1 and the average
value of (p{£^) is taken to be 0.83.
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5.1.3 Modification of Spontaneous Emission
It has been experimentally shown that resonators, waveguides and dielectries ean
intluenee eleetromagnetie fields and, henee, modify the spontaneous emission rate of
an atom [141] near sueh surfaees. The influence of a cylindrical dielectric has been
studied in detail [59], The presence of an optical nanofibre, therefore, has many
effects on atoms close to its surface. When an atom is illuminated by resonant laser
radiation it is excited to a higher state. If this atom is close to the surface of the
TONF, the subsequent emitted photon (on decay back to the ground state) may
couple into the guided modes of the fibre,

, or into the radiation modes of the

fibre ,y,.ad' whereby the photon is radiated into free space (i.e. not coupled to the
fibre). Thus, the total spontaneous emission rate is given by
7,0,a! ^/gtode+rrad.

(5-03)

These cases are shown in Figure 5-03(a). The case where the photon’s energy is
dissipated as thermal energy is ignored.

The presence of the fibre, therefore,

modifies the rate of spontaneous emission of the atom and can increase the rate at
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which radiation from the atoms couples into the guided modes of the fibre. The
modification of the spontaneous emission can be found in [136].

Figure 5-03:

Normalised spontaneous emission coupled to the fundamental HEn mode of the TONF

of D! = 600 pm.

5.2

Experimental Setup

There are two main components in the experimental setup. The most extensive part
consists of the magneto-optical trap, which can be subdivided into its vacuum
system, lasers, magnetic and electronic components, all of which have been
described in detail in Chapter 3. The other critical component of the experimental
setup consists of a TONF and the mounting structures necessary to insert it into the
UHV chamber, as well as a detection system for monitoring spontaneously emitted
photons emitted into the guided modes of the fibre.

This work was performed by Laura Russell and can be found in reference [60. L.

Russell,

D.

A.

Gleeson, V. G. Minogin and S. N. Chonnaic, "Spectral distribution of atomic fluorescence coupled
into an optical nanofiber", J. Phys. B 42, 185006 (2009).
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5.2.1 Tapered Optical Nanofibre Mounting
The techniques used for the fabrication of a TONF have been described in detail in
Chapter 4, Section 4.2.

In order to perform experiments with the TONF, it is

essential that the fibre is adequately mounted on a rigid support structure. Once a
suitable TONF with a submicron diameter and good transmission has been produced,
it is mounted on a U-shaped aluminium support. While the fibre remains in the
pulling rig, the mount is positioned below the fibre using a 3-D translation stage.
The waist area of the TONF is aligned with an alignment groove marked on the
centre of the mount. Once in position, the fibre buffer is glued to the mount using
UHV-eompatiblc, IJV curing glue. Once the glue has been cured using ultraviolet
light, the magnetic fibre clamps arc released and the fibre mount is removed from the
pulling rig using the translation stage.

For the purpose of redundancy, a second

TONF is mounted above this TONF. When doing this, great care is taken to ensure
that there is adequate separation between the waist regions, as static forces between
the fibres can pull them together.

The probability of this occurring can also be

reduced by ensuring that there is sufficient tension on each of the fibres before it is
glued in place. Once both fibres are successfully mounted, the 'fibre mount’ system
is carefully attached to an L-shaped support, which connects the mount to the
vacuum side of a flange. A centrally drilled hole through the flange, with a male
Swagelok connector welded to the other side, is used to feed the fibre into the
vacuum chamber. The Swagelok connector is part of a Teflon fibre feedthrough
system, further details of which are given in Section 5.2.2 and the vacuum chamber
is illustrated in Figure 3-01. In order to facilitate the insertion of the fibre into the
chamber, the bottom window of the octagonal vacuum chamber is removed and
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replaced with the fibre mounting system attached to the feedthrough flange, as
illustrated in Figure 5-04.
Once the fibres are fed through the flange hole, the entire system is inserted
vertically into the chamber and orientated at an angle so that the waist region of the
TONF overlaps the geometrical centre of the chamber. Once in position, the flange
is bolted to the octagonal chamber in the normal manner. The process of creating a
vacuum seal in the form of a fibre feedthrough system is described in the next
section. Both the fibre mount and its support arc composed of aluminium and, thus,
have no effect on the base pressure achievable in the system.

Fibre
feedthrough

Mount support

TONF

UV Glue

^-1

system

40 mm

50 mm

Input & output
fibres

TONF mount
70 mm

Figure 5-04: IJHV compatible Teflon feedthrough system used to pass fibres from the external
environment into the UHV system.

5.2.2 Fibre Feedthrough
When studying cold atom interactions with laser light all experiments must be
conducted in a UHV system. In order to utilise TONFs in such experiments, it is
imperative to have a method by which fibres can be passed from the external
environment into the UHV chamber without damaging the fibre, modifying the
signal or degrading the vacuum. It is also important that the fibre and mounting
components are clean and not composed of material that will out-gas at low pressure.

The fibre feedthrough system used pennits fibres to be eoupled in and out of
the vacuum chamber without affecting the base pressure achievable. This method
also has the advantage of providing us with a continuous fibre running from the
external environment into the vacuum chamber with no transmission loss due to
connectors or couplers.

The Swagelok feedthrough system consists of four

components: a Swagelok nut (female connector), a Teflon ferrule, a Swagelok thread
(male connector), and the vacuum flange. These components are illustrated in Figure
5-05.
As described in the previous section, a flange with a stainless steel male
Swagelok connector welded to it is attached to the octagonal chamber. A Teflon
ferrule, with several 0.25 mm holes drilled straight through, allow fibres to be passed
from the vacuum chamber to the external environment. In the experiment described
here, four holes (two input and two output holes) arc drilled, which allow the two
TONFs to be inserted into UHV chamber. The fibres pass through the flange hole,
through the Teflon ferrule and then through the Swagelok nut. The Swagelok nut is
screwed onto the Swagelok male thread and tightened until the fibres can no longer
slide easily through the drilled holes. Due to the protection of the buffer, the process
of tightening the Swagelok nut, so that the fibre cannot easily slide through the
teflon, has no noticeable effect on the transmission through the fibre.
The process of turning the roughing pump on can cause the TONF to vibrate
significantly and these vibrations can be viewed on a CCD camera. The TONF
oscillates approximately 5 mm from its initial position causing the transmission to
momentarily drop to zero for several seconds before the vibration is damped.
Though this never caused the TONF to break, it may cause stress or damage which
could reduce the operational lifetime of the TONF. This is prevented by switching
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the roughing pump on while the angle valve is closed (cf. Figure 3-01). The valve is
then slowly opened, eliminating the vibrations on the TONF.

Flange

Figure 5-05: Illustration of the Swagelok fibre feedthrough system.

During pump down of the vacuum system, methanol is squirted around the
Swagelok system to detect for a leak in the feedthrough. If a leak is detected, the
Swagelok nut is tightened until the leak is removed. The minimum tightness to
prevent leaks is always applied to the Teflon ferrule. This prevents over-tightening,
which would crush the fibre and reduce its transmission. During bakeout care is
taken to ensure that the heating tapes arc not directly wrapped around the Swagelok
system in order to prevent the Teflon ferrule from overheating. After bakeout, if the
usual base pressure is not achieved, the Swagelok nut must be further tightened due
to deformation and contraction of the ferrule during the bakeout process.
From the use of this feedthrough system over a period of two years, it was
found that it has no measurable effect on the base pressure achievable by the vacuum
system, nor does it affect the rate at which UHV can be achieved. The full procedure
for mounting the fibres and installing them into the vacuum chamber reduces the
fibre transmission (typically by 10-20%).
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This reduction may be due to dust

particles falling on the fibre during the mounting process or the UV glue binding the
fibre to the mount. Though the transmission through the fibre varies during pump
down and bakeout procedures, the TONF maintains approximately the same
transmission before and after vacuum pump down.

5.2.3 Overlap of Atom Cloud with Tapered Optical Nanofibre
The TONF used here has a diameter of (0.6 ± 0.05) pm and a transmission of 73%
prior to installation.

During the preparation and installation of the fibre the

transmission decreased to 66%. Due to the fixed position of the TONF, if one wants
to overlap the atom cloud and the TONF, the cloud must be physically moved.
A standard six-beam MOT design, as described in Chapter 3, is used to
produce a cloud of ^‘"’Rb atoms in the vicinity of the TONF waist. Each cooling beam
has an intensity of ~2.4 mW/cm“ and a Gaussian profile with a diameter of ~16 mm.
The centre point of a quadrupole magnetic field, created by a pair of anti-Helmholtz
coils, is overlapped with the intersection point of the laser beams with a magnetic
field gradient of 15 Gauss/cm. The atom cloud is viewed orthogonally using CCD
cameras. With the aid of beam alignment and pairs of smaller coils placed around the
chamber, the cloud is spatially overlapped with the waist region of the TONF. Figure
5-06(a) shows an image of an elongated atom cloud overlapped with the waist area of
a TONF. The cloud used for the results presented in this chapter has a cigar shape
with a Me vertical diameter of 2 mm and a horizontal diameter of 1.3 mm when
overlapped with the fibre.

The average MOT density was 4 x 10^ atoms/mm\

measured using techniques described in Section 3.4.
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5.2.4 Fluorescence Detection
As described in Section 5.1.3, atoms close to the surface of the TONF absorb light
from the cooling beams and, subsequently, reemit light that couples into the guided
modes of the fibre. Figure 5-06(b) illustrates the mounting and detection system,
where a Perkin Elmer single photon counting module, or SPCM, (model: SPCAQRH-14-FC) is attached to one end of the fibre. This device uses an avalanche
photodiode (APD) with a quantum efficiency,

of 65% at a wavelength 780 nm

and a dark count of 100 counts/sec. The SPCM also has an FC fibre optic receptacle
prealigned to the optical detector for case of integration with the experiment. As each
reemitted photon is detected by the SPCM, a TTL pulse is output to a counter
(Hamamatsu Counting Unit, C8855) and the data is transferred to a PC, where it is
displayed for a user-defined gating time.

(b)

"'if

“mating
lens
Shield

Vacuum

flange

Fibre
feedthrough

Figure 5-06: (a) Atom cloud overlapping a TONF, where the redundant, second TONF can also be
seen, (b) mounting of TONF in the UFIV chamber and the external imaging and detection systems.
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5.3

Measuring MOT Parameters Using a TONF ®

The coupling of the spontaneous emission from laser-cooled rubidium atoms to the
guided modes of a tapered nanofibre can be utilised to experimentally demonstrate
the potential TONFs offer as highly efficient tools for probing MOT characteristics,
such as lifetime, loading, and cloud profile, even when the number of trapped atoms
is very small.

5.3.1 Fluorescence Coupling
Before proceeding to characterise the cloud of cold atoms using the TONF, it was
essential to detennine whether fluorescence from trapped atoms could be efficiently
coupled into the tapered fibre. The demonstration was performed in three stages
while monitoring the number of photon counts on the SPCM. Firstly, the repumping
laser was switched on, followed by the cooling laser and, finally, the trapping
magnetic field was switched on. This enabled us to distinguish between background
noise, from the repumping and cooling lasers, and fluorescence emitted by the
trapped atoms. Figure 5-07 shows the number of photon counts per second detected
for each of the three stages and, also, for the reverse sequence where field coils,
cooling laser and repumping laser were switched off.
The initial count rate of 1.5x10'^ count/s, when all lasers and the magnetic field are
off, is due to the dark count of the detector, and, to a greater extent, the various
instruments and light sources in the laboratory. An increase of 2xl0'‘ count/s is
observed when the repumping laser beam is turned on, followed by an increase of
TxlO'^ count/s when the cooling laser beams arc switched on. Once the magnetic

Results presented here appear in M. J. Morrissey, K. Deasy, Y. Wu, S. Chakrabarti, and S. Nic
Chonnaic., ""Tapered optieal fibers as tools for probing magneto-optieal trap charaeteristics". Rev.
Sci. Instruin. 80,053102 (2009).
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field is switched on the MOT loads and a dramatic increase of 4x10^ count/s is
observed from the trapped atom fluorescence. The count rate detected by the SfCM,
^cowu ’

determined using the following formula [63]
(6-04)

where Nis the effective number of atoms, C^ is the average coupling efficnency
of spontaneous emission into the guided modes of the fibre,
efficiency of the detector, and T =
its waist region to one end and

is the quantum

is the transmission through the TONF from
is the overall transmission. The atomic scatt>ering

rate,, can be written as a function of laser intensity and detuning of the co'Oling
laser from the cooling transition. For our experimental conditions
To determine

= 6.5 x 10^ s”'.

it was assumed that any atoms beyond a distance of 300 nm from

the surface of the fibre have very little effect on the spontaneous emission dctecte'd by
the photon counter. This is predicted with the aid of Figure 3-05. By overlapiping
this hollow cylinder shaped observation area, which has an outer radius of
= NyMor ’

the average density of the MOT,

, with

effective number of aitoms

contributing to the spontaneous emission detected by the SPCM was calculated from
the following equation
=

where

PmOT^

)’

(5'-05)

is the length of the TONF waist and is assumed to be greater thani the

diameter of the MOT, i.e.

The resultant number of contributing aitoms

within the observation area was found to be six atoms per second, leading to \ c^ount
rate of 3.74 x 10' count/s. This is in very good agreement with the results shovsvn in
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Figure 5-07. However, it should be noted that this simple ealculation ignores the
effeet the fibre has on the distribution of atoms near the fibre surfaee and we assume
that equal numbers of photons eoupled into the fibre will propagate in both direetions
through the fibre.

Figure 5-07: Measurement of photon count rate coupled into the TONF. The large increase in the
count rate when the magnetic field is switched on is due to trapped atoms near the waist region
fluorescing and the radiation being coupled into the fibre guided modes.

5.3.2 1-D Profile of Atom Cloud
The atom cloud profile can be determined by moving the cloud of cold atoms across
the waist of the TONF and measuring the photon count rate as a function of fibre
position. Due to laser beam alignment and anti-Helmholtz coil arrangement, the
atom cloud is initially formed several mm away from the TONF. A single magnetic
coil is used to translate the atoms across the TONF in the horizontal direction. A
CCD camera, combined with a telescope system as depicted in Figure 5-06, is used
to record the movement of the cloud. The imaging system is calibrated in terms of
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distance and, from video analysis, it is possible to convert relative time into the
distance moved by the atom eloud. When the edge of the cloud begins to overlap the
TONF, fluorescence photons emitted in a specific direction by the cold atoms close
to the fibre surface couple into the fibre. As the centre of the cloud crosses the
TONF waist, the fluoreseence count rate increases with the increase in atomic
density. The opposite effect is observed as the centre of the atom cloud passes the
TONF waist. Recording the photon count rate at each position of the cloud enables
us to determine the cloud shape and infer the relative atom density. Figure 5-08 is a
plot of photon count rate as a function of position, as the cloud is moved across the
fibre taper region.

For the purpose of comparison, the cloud profile was also

determined using standard teehniques, whereby the distribution of atoms in the MOT
was estimated from an unsaturated tluorescenee image of the cloud (cf Chapter 3
Section 3.4.1).

The relative intensity of the pixels can be determined from the

extracted frame and a cross-section, taken perpendicular to the TONF, gives the
spatial distribution of the atom cloud along the axis of motion. These results are also
shown in Figure 5-08 and the amplitude obtained from the CCD image analysis is
normalised to the maximum count rate of the SPCM. This technique may also be
used to probe local MOT densities. The solid red line indicates the Gaussian profile
fitted to the SPCM data, which arc plotted as solid red circles. The dashed blue line
represents a Gaussian profile fitted to the data achieved using the CCD camera,
whose data are shown as hollow blue circles. For purposes of indication, the data are
only plotted for every tenth data point in both cases. The fits resulted in an Rsquared values of 0.993 and 0.983 for the CCD imaging cross-section method and
the TONF method respectively. From analysis of the Gaussian fitting parameters
and their variance, the Me diameter of the atom cloud was found to be 1.314 ± 0.025
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mm for the SPCM plus TONF method and 1.272 ±0.008 mm for the image erossseetion method, showing good agreement between both teehniques.

Distance (mm)
Figure 5-08: Estimation of the cloud profile using the SPCM plus TONF system (red) and an image
cross-section (blue).

5.3.3 Loading
The loading of the MOT as a funetion of time was next determined and a eomparison
between results simultaneously obtained using the SPCM plus TONF system versus
the standard photodiode imaging seheme deseribed in Chapter 3 Seetion 3.4.1. The
MOT is loaded from baekground Rb vapour in the UHV ehamber, produeed by
resistively heating a Rb dispenser. The intensity of the fluoreseenee from the atom
eloud is proportional to the number of trapped atoms. The first teehnique used to
measure the number of atoms in the MOT as a funetion of time involved foeusing the
emitted fluoreseenee from the entire MOT onto a photodiode whieh is deseribed in
Seetion 3.4.2. The seeond teehnique relied on the faet that the TONF ean measure
the fluoreseenee of a hollow eylindrieal area through the eentre of the MOT as it is
loaded. This fluoreseenee is a funetion of the loading of the entire MOT. Therefore,
by monitoring the fluoreseenee from the eentre of the MOT eoupled into the TONF,
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the loading rate of the entire atomic cloud can be deduced by determining the count
rate on the SPCM.
For each of these two techniques, the Rb dispenser was switched on and
allowed to stabilise for 15 minutes prior to data recording to reduce fluctuations in the
background density during experiments. Also, when the MOT was loaded, it was
ensured that the atom cloud overlapped the TONF waist at all times. The resultant
loading curves, for a dispenser current of /^= 3.3 A, are shown in Figure 5-09. The
dashed blue line represents the exponential curve fitted to the photodiode data, shown
with hollow circles. The solid red line is the exponential fit to the data achieved
using the TONF in combination with the SPCM, shown in solid red circles.

Figure 5-09; Loading of the MOT as observed using a PD (blue) and SPCM in combination with the
TONF system (red) for

=3.3

A.

For the measurements taken using the photodiode, background fluorescence
had to be compensated for, whereas the TONF has the advantage that it is insensitive
to the background signal since only fluorescence from atoms very close to the fibre
can couple into it with an appreciable efficiency. As can be seen from Figure 5-09,
the results obtained from the TONF are in reasonably good agreement with the results
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achieved using the photodiode imaging technique, indicating that the TONF is indeed
a good tool for measuring such MOT parameters.

The Me loading time was

determined to be 0.43 s from the photodiode data and 0.51 s from the SPCM data.
The loading of the MOT was repeated for increasing dispenser currents. The
results achieved using the photodiode are shown in Figure 5-10(a) where the y-axis is
the number of atoms in the trap calculated from the optical power detected from the
photodiode (cf Section 3.4.2).

Figure 5-10(b) shows the results simultaneously

obtained using the TONF connected to the SPCM detection system, where the y-axis
represents the count rate of the deteetor. As the dispenser current increases, so too
does the background vapour density. This increases the capture rate, leading to a
faster loading time of the MOT and a higher steady state number of trapped atoms.
Both of these effects can be seen from the PD results and are mirrored in the SPCM
results. This reinforces the conclusion that the TONF is sensitive to MOT parameters
such as local density and number of trapped atoms.

Figure 5-10: Loading of the MOT as observed using (a) a PD and (b) SPCM and TONF system for
three different dispenser current.
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The results are summarised in Table 5-01. Note that longer loading times are
eonsistently obtained using the TONF when eompared to that using fluoreseenee
imaging. Also the diserepaney between the two teehniques deereases for inereasing
dispenser eurrent (i.e. for deereasing

). This ineonsisteney is attributed to the

MOd behaviour switching from an initial temperature limited regime for a few atoms
{N^

<10"), to a multiple-scattering regime once the number of trapped atoms is

greater (> 5x lO"). In the multiple-scattering regime, the atom cloud can acquire
an elongated MOT symmetry with a flat-topped profile and the atom density is
distributed uniformly along the elongated axis (i.e. along the length of the TONF)
[107]. In this regime a repulsive force exists between atoms due to multiple photon
scattering and this causes the cloud diameter to increase with further loading of
atoms, thereby maintaining a constant density. Thus, density in the centre remain
constant and, therefore, any increase in spontaneous emission coupled to the fibre,
can be attributed to atoms being loaded at the periphery of the atom cloud, and which
arc close to its surface.

The difference in loading times between the two

measurement methods can be attributed to the fact that when the atom cloud is in the
multiple-scattering regime it loads in an elongated manner along the axis of the
TONF. This causes the relative loading time along the axis of the TONF to be longer
than the loading time of the entire MOT. Thus the SPCM will always measure a
longer loading time, when compared to the photodiode, which is proportional to the
number of trapped atoms. The loading time and the amplitude of the signal measured
by the SPCM could be used to calibrate the TONF in terms of

.

It is also

expected, that for increased loading times, the difference between the two
measurement techniques will increase.
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5.3.4 Lifetime
To measure the MOT lifetime the Rb dispenser was switched off, leading to a gradual
decrease in the atom capture rate into the trap.

As a consequence, the MOT

population decays to zero, due to the loss rate from the trap exceeding the capture
rate. The trap lifetime can be determined by monitoring this decay. The same two
techniques as used for the trap loading characteristics were used to determine the trap
lifetime: (i) the fluorescence was focused onto a photodiode and (ii) the fluorescence
from atoms trapped close to the fibre waist and coupled into the TONF was measured
using the SPCM attached to one end of the nanofibre.
Figure 5-11 shows the normalised lifetime evolution of the trap population
once the Rb dispensers are switched off. It can be seen that the SPCM plus TONF
technique yields a longer Me lifetime measurement of 13.0 s as compared to 9.4 s
obtained using the photodiode imaging system. This effect can be explained if one
assumes that the centre of the MOT docs not decay as fast as the outer regions of the
MOT since the hotter atoms at the edge of the cloud escape from the MOT quicker
than colder atoms at the centre region. Also, when the number of atoms remaining
trapped in the MOT is relatively small, the photodiode is less sensitive to such low
levels of fluorescence, whereas the TONF remains highly sensitive. This shows a
clear advantage of using the tapered nanofibre in very low density atom clouds or for
detecting very small numbers of atoms compared to standard photodiode imaging
systems.
Once more, the discrepancy observed between both techniques is due to the
fact that the TONF is sensitive to the local atomic density at the centre of the atom
cloud through which it passes, whereas the photodiode is sensitive to overall density
changes within the MOT. As the MOT begins to decay, the hotter atoms at the outer
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edges of the cloud escape first, reducing the diameter of the MOT and, again,
maintaining a constant density profile (i.e. multiple-scattering regime). Due to the
fact that the relative decay of the atom cloud along the axis of the TONF is slower
relative to the over all decay of the atom cloud, while the cloud is in the multiplescattering regime, the SPCM will measure a longer loading time. Once the number
of trapped atoms decreases below ~ 5 x 10" [ 13] the cloud enters the temperature
limited regime and the density profile follows that of a Gaussian distribution. As
more and more atoms escape from the MOT the diameter of the cloud remains
constant and the density decreases linearly with the number of trapped atoms [107].
In this case it would be expected that the photodiode and the SPCM would measure
approximately the same decay rates and further experimental studies arc required in
order to quantify this behaviour.

Figure 5-11: Lifetime of the MOT as observed using a PD (blue) and the SPCM and TONF system
(red)

The experiment was repeated for increasing dispenser current and the results
are plotted in Figure 5-12 and summarised in Table 5-01.

In Figure 5-12(a) the

results were obtained using the photodiode and in (b) the TONF in combination with

130

the SPCM was used. The lifetime of the MOT is independent of eurrent dispenser as
can be seen in Figure 5-12(a), where the experimental error can be taken into account
by the fact that there is also a time delay between switching off the dispenser current
and the time it takes for it to cool sufficiently so that rubidium is no longer being
emitted. This delay time also increases for increasing dispenser current causing
small errors on the lifetime reading measured by the photodiode. The rate of decay
of the background fluorescence also varies for dispenser current.

This causes

experimental variations on the lifetime measured by a photodiode for varying
dispenser current.

Figure 5-12: Lifetime of the MOT as observed using (a) a PD and (b) SPCM and TONF system for
three different dispenser current.

From Figure 5-10(a) it is evident that the number of trapped atoms increases
with dispenser current. Atom clouds with a higher number of trapped atoms (i.e.
higher dispenser current) elongate further along the axis of the TONF due to the
repulsive forces in the multiple-scattering effect. This causes an increase in the
decay time measured by the SPCM with is proportional to the number of trapped
atoms. This results in atom clouds with a higher number decaying more slowly and,
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from Figure 5-12(b), it can be seen that the lifetimes measured by the SPCM increase
as a function of dispenser current (i.c. steady state number of atoms). The TONF,
thus, measures a decay rate proportional to the steady state number of trapped atoms.
Therefore, it may be possible to calibrate the number of atoms from the lifetime
measured by the TONF.
For both the loading times and the lifetimes measured using the two
described techniques it is expected that the differences in times may be reduced by
using a symmetrically shaped MOT where the atom cloud expands evenly in all
dimensions. However, a more detailed study on this behaviour is necessary in order
to fully dctcmiine the crossover between both regimes.
Table 5-01: Summary of results achieved using a 0.6 |.ini TONF to measure MOT characteristics.
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5.4

Towards Alternative Detection Techniques using a

TONF
There have been two other cold atom detection techniques that have been
successfully implemented with TONFs in the past few years [61, 63]. Both of these
methods rely on the production of near-resonant beams that are used to probe the
cold atoms on release from the MOT. In one of the techniques, Sague el al. [61]
transmitted a probe beam through the TONF. When the MOT was loaded, the atoms
primarily interacted with the cooling and the repumping beams. However, when the
beams were switched off, the atoms were briefly allowed to interact with the
evanescent field of the probe beam. The corresponding probe beam absorption was
measured on an APD.
In contrast, in a somewhat simpler setup, Nayak el al. [63] passed a rctroreflcctcd probe beam perpendicular to the TONF and ensured that it intersected the
fibre at the waist region. When the MOT was switched off, by turning off the
cooling and repumping beams, the atoms interacted with the probe beam. If the
atoms were close to the surface of the TONF their spontaneous emission was coupled
into the guided mode of the fibre and was measured on an SPCM. At this stage it
should be noted that though experiments described in the following section were set
up, results were not achieved due to detection difficulties.

5.4.1 Optical Setup for a Probe Beam
In order to perform experiments in such a manner a suitable probe beam is required.
This probe beam can be derived from the cooling laser using a setup shown in Figure
5-13. This illustrates the configuration that can be used to derive the probe beam and
use it to implement both the detection techniques mentioned in the previous section.
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The locking peaks and the central frequency shifts for this configuration are the same
as described for Figure 3-()8(b). In the case for this experiment, it is required that the
probe beam be scanned over a certain frequency range. This is done by applying a
saw-tooth waveform to the VCO of AOM2.

In this way, the frequency can be

scanned across an atomic transition by ± 20 MHz. The double pass configuration of
AOM2 allows the frequency to be scanned without affecting subsequent alignment.
Once the probe beam is derived it propagates through a half-wave plate and a
portion of the power is reflected from a PBS, which is used in a control experiment.
This beam is then split into two beams of equal intensities using a 50:50 BS. One
beam is passed through a rubidium vapour cell as a pump beam and rctro-reflected as
a probe beam in a SAS setup, similar to that for the repumping laser described in
Section 3.2.5.

When the probe beam is detected it provides a control/reference

absorption peak provided the frequency is scanned across the cooling resonance via
the AOM. I'he other beam forms a reference beam, which is sent directly to a
photodiode. This beam can be used to compensate for power fluctuations in the
probe beam due to variations in the diffraction efficiency of the AOM as a function
of VCO.
In Figure 5-13, the orange squares marked with an X, are imaginary
components inserted to allow the illustration of both detection schemes on the same
image. The path followed by output ‘A’ represents the evanescent field detection
methods and the path of output ‘B’ represents the frce-spacc probe beam detection
method. Both these techniques cannot be implemented simultaneously as the output
signals cannot be separated. The path followed by output ‘A’ couples the probe
beam onto the cleaved end of a 780 nm fibre using an inverted beam expander
mounted on a 3-D translation stage.

This is then spliced to a variable optical
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attenuator (VOA) whose output is limited to a maximum power of 10 pW. The
reason for this power limitation was already diseussed in Seetion 4.4.1. The output
of the VOA is splieed to the TONF pigtail allowing the on-resonanee probe beam to
ereate an evaneseent field outside the fibre. The output of the fibre is measured
using an APD which is connected to a digital storage scope (DSO). In contrast,
output ‘B’ is expanded to a diameter larger than the dimensions of the atom cloud.
The probe beam is then overlapped with the waist region of the TONF and the atom
cloud in a standing wave configuration. When the atoms interact with the probe
beam, they spontaneously emit photons into the guided mode of the fibre. This is
coupled out of the vacuum chamber and detected by an SPCM and sent to a PC
through a counter.

Figure 5-13: Optical setup for a probe beam with a frequency that can be scanned by ±20 MHz across
the cooling transition.
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5.4.2 Evanescent field - MOT overlap
It is possible to approximate the number of atoms interacting with the evanescent
field of a TONF the instant the beams arc switched off. It is first assumed that there
is a symmetric evanescent field decay length, with the evanescent field forming a
hollow, cylindrical-shaped volume around the TONF with an exponentially
decreasing intensity for increasing distance from the fibre surface. The number of
atoms interacting with the evanescent field,

, can be inferred by overlapping the

average density of the MOT with this volume. This was calculated for different
MOT densities and the results arc plotted in Figure 5-14. As can be seen, the number
of atoms interacting with the evanescent field, for a particular atom cloud density,
docs not vary by much for a fibre diameter in the range of 1.0 - 0.4 pm. This is due
to the fact that the Me decay length varies by a very small amount in this range, as
shown in Figure 4-12. However, as the fONF diameter decreases below a diameter
of 0.4 pm, the number of atoms interacting with the evanescent field increases
dramatically to coincide with the increase in the decay length of the evanescent field.
The rate at which

increases is proportional to the local density of the MOT.

Thus, for larger densities the number of interacting atoms will increase faster than for
smaller densities. This is also evident in Figure 5-14. Therefore, for experiments
where a large atom-evanescent field interaction is required it is desirable to have a
dense atom cloud. There have been many ways devised to increase the density of a
MOT, details of which can be found in the literature [142].
Both the presence of the fibre and the associated evanescent field (if a probe
beam passes through the fibre) affect the distribution of atoms close to the fibre
surface [61]. For those atoms lying close to the surface of a fibre, the attractive force
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arising from the van der Waals potential has been negleeted. The faet that the large
intensity gradient of the evanescent field can lead to a dipole force on atoms
interacting with the evanescent field has also been neglected.

Figure 5-14: Number of atoms interacting with the evanescent field of a TONF as a function of fibre
diameter.

5.4.3 Time Sequence
Due to the very few interacting atoms and the short time scale for which they interact
the experiment must be cycled many times to build up an average signal.

This

applies for both experimental techniques mentioned. For this reason it is essential
that an accurate timing sequence be developed for rapid switching on/off of the laser
beams. The cooling and repumping beams need to be switched on and off in a
controlled and synchronised fashion, while the probe beam needs to be
simultaneously scanned in frequency across the relevant atomic transition. In this
work, many devices (such as optical and mechanical choppers) and different setups
were used in an attempt to synchronise such signals in a controlled manner. Finally,
it was determined that AOMs give the best control for the beam switching due to
their fast switching time, ease of implementation, as well as their capability to scan
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the frequency of an output beam.

Figure 5-15(a) illustrates the setup used to

synchronise the experimental components depicted in Figure 5-15(b).
(a)

Probe

MOT

(b)

Repump

AOM4 MOD

Probe
beam

AC to AOM3 VCO

Figure 5-15; (a) Setup used to synchronise the switching and scanning of relevant beams,

(b)

Schematic illustration of wavefomis and typical timing scheme used.

The MOD voltage of an AOM driver is used to control the amplitude of the
RF signal to the AOM and, thereby, the power of the diffracted order. A minimum
voltage of 0 V causes the power of the diffracted beam to diminish to zero, whereas a
maximum voltage of 1 V allows optimised power of the relevant beam. Thus, by
applying a 0 - 1 V pulsed signal to the MOD, the AOM can chop the diffracted
orders on/off in a user-defined timing sequence. Since the diffracted orders from
AOMl, AOM2 and AOM3 provide the cooling, repumping and probe beams
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respectively, the AOMs provide a method of switching all the beams on/off. The
VCO of an AOMdriver controls the frequency shift of the diffracted order and can
be used to scan

the frequency, as described previously.

However, before the

experiment can be performed, is it is necessary to form a stable MOT. This requires
that no beams are being switched on/off. A mechanism is therefore required so that
the experiment can be quickly switched from the static to the dynamic experimental
setup.

To carry

out this task, the synchronisation setup shown in Figure 5-15

incorporates electrical switches, SWl and SW2, which are manually operated. Each
switch has two inputs, A and B. Switch position A allows the modulation signal
through to the AOM driver, whereas switch position B provides the AOM driver
with a constant voltage. Thus, the static/stablc MOT is fonned with both switches in
position A. Toggling both switches to position B allows a modulated beam setup,
where the MOT is turned on/off and experiments can be perfomied.
A synthesised function generator (SRS model DS345) and a pulse generator
(SRS model DG535) are used to generate the synchronised signals. The synthesised
function generator creates a TTL signal whose uptime,

, and down time, 0,n.„ ’ ^^c

user defined. This TTL waveform is used as a trigger signal for the synchronisation
of the entire sequence. The signal is also sent to switch SW2 via a potentiometer,
where the output of the switch is sent to the MOD of the driver for AOM4. The
wavefomi, therefore, controls the on/off sequence of the repumping beam.

The

synthesised function generator is configured to output a single sawtooth pulse of
used defined offset, phase and amplitude during the down time of the repumping
TTL waveform. This is sent directly to the VCO of the driver for AOM3, where the
amplitude controls the frequency sweep, and the offset controls the centre frequency
of the probe beam.

Thus, the probe beam only sweeps in frequency while the
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repumping beam is off. The amplitude and offset of the sweep voltage for the VCO
signal is selected so that the diffracted order sweep for AOM4 is ±20 MHz over the
cooling transition.
The TTL output of the synthesised function generator is also sent to the pulse
generator as a trigger signal. A time delay is added to this signal so that it outputs a
TTL pulse that is synchronous with the rising slope of the repumping signal but falls
before the falling slope of the repumping signal. The time difference between the
falling slopes is given by At.

This signal is sent to the MOD of AOM2 via a

potentiometer to control the switching of the MOT beams. The cooling beam on/off
sequence represents the switching of the MOT itself. Thus, the MOT is on for a
length of time defined by

- At and off for

+ A/. The potentiometers are

used to convert the 0-5 V TTL signals, generated by the instruments, to 0-1 V
signals, which can be accepted by the AOM driver. The times

and

are

determined from the synthesised function generator and At is set from the pulse
generator, fhe repumping beam remains on for At -200 ns longer than the cooling
laser. This ensures that all the atoms arc pumped to the

= 3 ground state. Thus,

- At must be short enough so that not all atoms can escape the capture area of the
trap, but long enough to ensure a substantial interaction time between the probe and
the evanescent field. Also,

^2

+

must be long enough to allow the MOT to be

fully loaded to its initial state before the sequence begins again. Using

of 5 ms

and a U,, of 50 ms, the MOT was released and recaptured with minimal loss of
atoms. The timing sequence is schematically shown in Figure 5-15(b).
Though this experiment was set up no results were achieved due to a poor
detection system. The detection system required a very large S/N ratio, which was
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not achieved in our homemade APD setup. Future experiment will involve this setup
with a eommereial APD of sufficient sensitivity and S/N ratio.

5.5

Summary

When eonsidering trapped atoms close to the surface of the fibre, the Casimir-Polder
and van der Waals effeets play an important role. These effeets lead to a substantial
frequeney shift in the speetral line of the atom, as well as eausing an increase in the
rate of spontaneous emission as a function of decreasing distanee from the surfaee.
In order to suecessfully mount the TONFs inside the vaeuum ehamber they
are first glued to a U-shaped mount which is, in turn, is attached to a vacuum flange.
The entire system is then plaeed into the vacuum chamber and the flange is bolted to
the vacuum. The pigtails of the fibres are fed out of the vacuum chamber and a UHV
seal can be created using a Teflon feirule feedthrough system.
Once the vacuum procedures are complete and the atom eloud overlaps the
waist region of the TONF, spontaneous emission from the atoms ean be coupled into
the guided modes of the TONF. This signal can be used to measure parameters of
the atom eloud. The size and shape of the MOT, determined by translating the cold
atom cloud across the tapered fibre, is in excellent agreement with measurements
obtained using the eonventional method of fluoreseenee imaging using a CCD
eamera. The eoupling of atomie fluoreseenee into the tapered fibre also allows us to
monitor the loading and lifetime of the trap. The results were compared to those
aehieved by foeusing the MOT fluoreseenee onto a photodiode and it was seen that
the tapered fibre gives slightly longer loading and lifetime measurements due to the
sensitivity of the fibre even when very few atoms are present.
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Chapter 6: Theory of Diffraction
of Coid Atoms from a Wire Array
Grating

During the past decade there have been significant advances made in the
manipulation of cold atoms using optical fields [28-30] and magnetic fields [21-23]
due, primarily, to the progress that has been made in laser cooling techniques. The
development of reflection and diffraction components for atoms has been of interest
since the outset of atom optics [42] and the interest in manipulation strategics is
likely to increase further in the future, particularly as beam-splitters for atoms
interferometry [143] and lithography [144],

The reflection of atoms has been

successfully demonstrated using evanescent light fields [41] and magnetic fields
from, amongst many techniques, current-carrying wires [145], audio cassette tape
[43], floppy disc [44], permanent magnets [45], microfabricated magnetic structures
[48] and thin films [145],
In this chapter we propose a technique to diffract cold atoms from a reflection
grating, carrying alternating positive and negative currents. We present calculations
demonstrating the diffraction of cold rubidium atoms, in free-fall onto the grating
from a magneto-optical trap. The diffracting grating depends on the addition of an
142

oscillating magnetic field to a wire-array atom mirror.

First, in Section 6.1, a

theoretical model based on atoms interacting with an oscillating magnetic field is
introduced.

In Section 6.2 the behaviour of the diffraction grating is studied for

various experimental parameters, such as the angle of incidence of the falling atoms
and the oscillation frequency of the current passing through the grating. In Section
6.3 a temporal detection scheme is proposed that will enable the efficient detection of
the diffracted atoms, in particular for those that are free-falling at normal incidence
onto the grating. The effects of experimental uncertainties (such as atom velocity and
incident angle) are also considered.

Finally, we present appropriate physical

parameters for the wire array grating based on the numerical calculations.

6.1

Atomic Mirrors and Diffraction Gratings - Basic Modei

In general, atom mirrors and diffraction gratings can be designed following the same
basic principles: if the surface of an atom mirror can be forced into oscillation it
should operate as a reflection-based diffraction grating. Atom mirrors have been
devised by creating a force, either by optical or magnetic means, close to a surface
that “reflects incident atoms away from the surface”.

The demonstration of

reflection gratings has been successfully achieved in the optical regime, whereby the
evanescent field produced by a laser beam is modulated [146] in order to produce the
vibrating mirror surface. Alternative geometries have involved the retro-reflection of
the laser beam that generates the evanescent field [51]. To date, there has been very
little work on the diffraction of atoms using magnetic-based gratings, which have a
distinct advantage over optical systems due to the reduction in the number of lasers
used and, therefore, the overall complexity of the experimental setup. In addition,
magnetic-based systems are subject to an inherent passive stability and the absence
of the evanescent light field reduces significantly any possible perturbation effects
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such as those due to spontaneous emission. Finally, magnetic-based systems ean be
fabricated with far greater flexibility of shape and size and, henee, can be engineered
precisely for a partieular applieation [147-149],

6.1.1 Interaction of Atoms with an Inhomogeneous Magnetic Field
The interaction between atoms and a magnetic field was briefly deseribed in Seetion
2.2.1. The force experienced by atoms in a magnetie field is given by
(6-01)

where

is the magnetic quantum number, /y^ is the Bohr magneton, and

is the

Landc factor. The force is repulsive when the magnitude of the force, F - j/^| < 0.
Atoms are, therefore, repelled when w, >0.

This phenomenon is used in the

realisation of atom mirrors based on magnetic fields. It is assumed that the atoms are
slow enough to ensure that the adiabatic condition is satisfied, i.e. the projeetion of
the magnetic moment onto the magnetic field remains constant during the process
and, therefore,

has a eonstant value.

6.1.2 The Magnetic Diffraction Grating
The proposed diffraction grating consists of several parallel wires made of gold or
eopper carrying alternating positive and negative current.

This is schematieally

shown in Figure 6-01(a). It has been known for some time that such a structure gives
rise to an exponentially decaying magnetic field above its surfaee. For an infinite
grating, the magnitude of the magnetic field,

, at a vertical distance, y, above the

grating surface, ean be approximated by [46]
1
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cos2k,,y + ...]

(6-02)

where

is the static magnetic field at the grating with a current

^gra, flowing through the grating wires and
Figure 6-01). The variable

is the periodicity of the grating (cf

is the magnitude of the incident wave vector and is

given by iTij, where Xjg is the de Broglie wavelength for the atom. The second
term in Eqn 6-02 decays quickly for increasing v and thus can be neglected when
y»

Hn. In this case the magnetic field above the surface is an exponentially

decaying field that can be approximated by
(6-03)
This device can thus act like a specular minor for atoms [46]. In this configuration,
the atoms are “reflected” at a distance

above the surface of the grating for a

particular magnetic field

if the energy of the atoms equals the magnetic energy.

Hence, for atoms of mass

and velocity

a height

, falling from a magneto-optical trap at

the following condition must be satisfied:

(6-04)
If an oscillating magnetic field component, Bcos
magnetic field,

, is added to the static

the incident atoms are diffracted into different sidebands while

exchanging energy with the oscillating field. The atoms have an incident angle of 0,
and a diffracted angle

which depends on the diffraction order, n. If we assume

that the magnetic field amplitude at a distance y above the mirror is given by
-2 m l p
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(6-05)

with

reflecting surface oscillates at a frequency

» ^osc^

reflection
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Figure 6-01: Diagram of the oscillating mirror indicating the wires with alternating current direction
and the incident and reflected orders.

6.2

Magnetic Array Grating Operationai Parameters

In the following we determine operating parameters for the magnetic grating based
on parameters associated with *^^Rb atoms released from a magneto-optical trap. The
choice of rubidium is primarily due to the abundance of laboratories in which it is
available, including ours.

It is assumed that the atoms have an average thermal

energy of 100 pK, are prepared in the

=+l state and that the trap centre is

located 3 cm above the magnetic mirror surface.

6.2.1 Wavenumber of the Sidebands
In the following discussion the atomic wave vector will be evaluated according to the
diffracted orders and the magnitude of the different orders. For incident atoms the
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wave vector is given by k^.,, =k^\ + k^.y . If atoms are incident in any arbitrary
direction, 6-, in the xv-plane, where .r is defined along the direction of periodicity of
the grating (i.e. the transverse direction) andy is perpendicular to the grating surface,
k^.,, can be rewritten as k

= k^^ sin 0^ \ + k^,^ cos 6- y. Correspondingly, the wave

vector of a diffracted atom is given by /c„ = A

, where n labels the order of

diffraction.
According to the principle of conservation of energy, the final kinetic energy of
an atom must equal the initial kinetic energy plus the number of absorbed quanta of
energy from the mirror i.e.

2ni A

2niA

(6-06)

Since energy cannot be transferred to the atoms in the .v-direction, and momentum
must be conserved, the wave vector in the transverse direction must be conserved,
i.e.

= A',, sin 6,^ = kj^ sin 0 = k^. Therefore, equation (6-06) can be simplified to

yield

h^kj

hh.

2m^

2m ^

(6-07)

As a result, our discussion can be limited to the y-component of the wave vectors. A,
and Aj,„. Using simple trigonometry A, = A^g cos6- and, with reference to Figure 601, it can be shown that

A.,„
= A„n cos6>„ = kjg.lkjJ' cos^ 6, -i\n
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(6-08)

For the case of

atoms, cooled to a temperature of 100 pK and released from a

height of 3 cm above the mirror surface,
at the surface of the mirror is

(IB

= 1.06 x 10^ m ' and the atom's velocity

= 0.79 ms'.

6.2.2 Operational Limits
From Eqn 6-08 it can be seen that the reflection of atoms is not feasible for negative
values of n (i.e. negative orders) with large oscillation frequencies, since A,,,
becomes complex due to the negative square root. Hence, diffraction cannot take
place when

(6-09)
Since kj/ cos^ 0^ is always positive, it can be deduced that this condition occurs
only for negative orders and, thus, the presence of negative orders has a limitation
factor which depends on the incident angle and the oscillating frequency. The orders
that arc not reflected arc thought to propagate into the mirror and those atoms are,
therefore, assumed to stick to its surface.
From Eqn. 6-09 it is evident that the angular oscillation frequency at which the
atoms will no longer be diffracted from the grating (defined as the threshold
frequency, co,h) is detennined by the incidence angle of the atom and the oscillating
frequency of the grating. Henceforth, angles and oscillation frequencies suitable for
orders in the range - 2< n <2 are considered. In Figure 6-02(a) and (b), 0 is plotted
as a function of the frequency of oscillation,

e..
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and the incidence angle,

Figure 6-02: 0 for different diffraction orders as a function of (a) incidence angle for an oscillation
frequency of

10 MHz and (b) oscillating frequency for an incident angle of 6, = TdA.

I'he

dashed lines indicate (a) the incidence angles or (b) the oscillating frequencies where the atoms begin
to stick the mirror, for the first two negative orders

From Figure 6-02(a) it is evident that, for an oseillation frequency of 10 MFIz,
atoms will diffract for incidence angles less than ~1 rad for n =-2 and less than
-1.2 rad for/7 = -l atoms. Orders of 77>0 are always diffracted, since the value
under the square root in Eqn. 6-08 is always positive and, therefore, never reaches
zero. From Figure 6-02(b) is clear that, for an incidence angle of 7r/4, the 7? = -!
order atoms will diffract for current oscillation frequencies less than 33 MHz and the
77 =-2 order atoms will diffract for oscillation frequencies less than 16 MHz. Again,
it can be seen that for orders

77

>0, 0 never approaches zero, i.e. they will always

diffract at this frequency.
A cut-off frequency for the system,
energy of the incident atoms such that co^ =

can be defined and related to the
12m^.

Thence, a threshold

frequency, (0,h, can be defined for negative diffraction orders such that:
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(o^^ cos' 6CO., =

(6-10)

For a given value of negative n, ru,;, represents the threshold oscillation frequency
above which atoms of this order will be lost and are assume to stick to the mirror.
Figure 6-03 shows a plot of threshold frequency as a function of angle of incidence
for /7 = -1 and // = -2 , where f\,^ =

jIn .

Figure 6-03: Threshold frequency,/h, as a function of incidence angle, 9„ for /? = —1 and n = —2

It can be seen that for larger ineident angles, the threshold frequeney is reduced.
Therefore, if an incident angle of njA is assumed, an oseillating frequency less than
16 MHz is required to ensure that the first two negative diffraction orders are
reflected. Furthennore, Figure 6-03 ean be used to determine the maximum angle of
incidence for a particular vibration frequency to ensure that the first two negative
orders are reflected. For example, if a vibration frequency of 10 MHz is used, the
angle of incidence can be increased to ~1 rad before atoms stick to the mirror
surface.
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6.2.3 Spatial Separation of Diffracted Orders
Using Eqn. 6-08, the reflected angle, 6„, for the diffraction orders can be deduced as
a function of oscillation frequency and incidence angle:

9., = arc cot cot" 9: -t-

fuo^
(o.^ sin“

(6-11)

From this equation it is clear that the spatial separation of the diffracted orders
increases for increasing incidence angle and frequency of oscillation. However, if
these parameters are too large, the higher negative orders will not diffract.
Conversely, if these parameters arc too small the diffracted orders will be too close
together to be resolved, therefore, a compromise must be made between the number
of orders present and the angular separation between these orders and this is achieved
by selecting an appropriate incidence angle and frequency of oscillation.

Oscillation frequency f

osc

(MHz)

Figure 6-04: Reflection angle as a function of the oscillation frequency for an incident angle

9 = jr/4 .

Figure 6-04 shows the diffraction angles that can be achieved as the oscillation
frequency is increased from 0 to 50 MHz for a fixed incidence angle of 7i/4. One can
see that the n - -2 order disappears for frequencies greater than 16 MHz and the
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n =-\ order disappears for frequencies greater than 33 MHz, as predicted from

Figure 6-02(b). It should also be noted that the diffraction angles for the negative
orders are more sensitive to changes in oscillation frequency than for the positive
orders. For an incidence angle of 7r/4 a frequency of 10 MHz would appear to be a
favourable compromise, as the first two negative orders arc present and the
separation between them is substantial.
Similarly the reflected angles can be studied as a function of incidence angle for
a fixed oscillation frequency and the results are presented in Figure 6-05.

Figure 6-05: Reflected angles as a function of incident angle for an oscillation frequency of
fosc

= 10 MHz.

It is clear that the separation of the orders improves as the incidence angle increases
(and tends towards grazing incidence). However, if the incidence angle is increased
too far, the higher negative orders will not be diffracted and these atoms will be lost
on the surface of the grating.

An incidence angle of 7i/4 shows a substantial

separation between the orders. The angle of the reflected negative orders is also
more sensitive to the incidence angle than for the positive orders.
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It can be

concluded that an angle of incidence of 7i/4, with an oseillation frequency of 10 MHz
is suitable for experimental implementation of the diffraction grating. These values
provide refleetion of the - 2<n <2 orders and adequate separation between them.

6.2.4 Amplitude of the Diffracted Orders
To caleulate the amplitude of the diffracted orders the global wave funetion must be
zero at the oscillating reflecting surface [150]:
E.l (

XEj^nh(o„^, )t

=

0,

(6-12)

The term outside the brackets is a phase tenn and, hence, cannot equal zero.
Therefore the term inside the brackets must equal zero, so that

.

A„e

Z

/(A.

+

),4„,cos(w„„/)

e

(f, +ntiti))l
fc

"

(6-13)

From Fourier analysis of the exponential terms the amplitude of the order can be
written as [ 150]
■4, =-[/V„(/f„„(A,„-^A,,))]'

(6-14)

From these equations, it is evident that the incident angle made by the atom
has no effect on the amplitude of the order, but only dictates the separation of the
diffraction orders, as predicted in Section 6.2.3. The amplitudes, A„, of the diffracted
orders are detennined by truncating the infinite matrix in Eqn. 6-14 so that only the 10 < A7< 10 orders exist. This model assumes that all atoms are diffracted for all

oscillation frequencies and incident angles. Thus, it does not take into account that
the amplitudes of the negative orders will vanish due to atoms not being diffracted
for frequencies larger than co,h. Therefore, the square of the sum of all the amplitudes
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should always equal unity for a given oseillation amplitude and oscillation
frequency, i.e. all the atoms should be distributed in the sidebands and the probability
of finding the atoms must equal unity for a reflection grating with no transmission.
For this reason the matrix is also repeatedly truncated for order -50<n<50 for
various oseillation amplitudes and frequencies. When this was done the same order
amplitudes were achieved as that when truncated for orders -10<w<10.
Therefore, the amplitudes of the order less than -10 and greater than +10 are
negligible and it is thus sufficient to only consider orders within this range. This
method also assumes that the atoms are reflected on a hard potential; hence, at no
point in the calculation has the influence of the exponentially decreasing potential,
which is responsible for reflection, been considered. Figure 6-06 shows a number of
bar charts of the amplitudes of the diffracted orders for orders -8</7<8 with a
selected grating oscillation amplitudes and oseillation frequencies. From Figure 606, the oscillation frequency increases from left to right (i.e. a^b—>c) and the
oscillation amplitude increases from top to bottom (i.e. a^d—>g^j—>m).

Also

shown on each plot is the square of the sum of the amplitudes of all orders
(Z I

1^), which ideally, is equal to unity. Thus, any variation from unity indicates

an error in the calculated results of the order amplitudes. This error can be seen to
increase for both increasing oscillation amplitude and increasing oscillation
frequency. This indicates that the model diverges for large values of

and

which is investigated later in this section. The amplitudes of the - 2<n <2 orders
are plotted in Figure 6-07 as a function of increasing oscillation amplitude in terms
of l/A'^g, for a grating oscillation frequency of 10 MHz. As the

increase from

l/4A'^g —> l/A'^g, the zeroth order decreases while the amplitude of the sidebands
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increases. A further inerease to 2/A'^g causes the sideband to reach a maximum
amplitude and then deerease. The behaviour of the order beyond
eannot be adequately determined due to large errors indicated by the fact that
ZM„|^»1. An oscillation amplitude of

appears to be suitable, as the

sideband reflections have substantial amplitudes which dominate over the zeroth
order at this value.
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Figure 6-06: Plots of the amplitude of the order for various oscillation frequencies and amplitudes.
From left to right the oscillation frequency increases from I MHz ^ lO MHz^ 50 MHz, and from top
to bottom the oscillation amplitude increase from l/ikj/j —*

'^l^dB

y^dB ■

In Figure 6-08 the amplitudes of different orders are plotted as a function of the
grating oseillation frequency increasing from I - 50 MHz, for an oscillation
amplitude of \/kjg . It should be noted that this graph, as well as Figure 6-06, does
not take into account that certain orders may not exist due to the faet that the
threshold frequeney for a particular incident angle may be exceeded.
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These

amplitudes are still relevant as they indicate the number of atoms that stick to the
mirror and arc subsequently lost. The most substantial variation in the amplitude for
increasing oscillation frequency can be seen for orders « = ±1, whereas the n-0
and n - ±1 orders do not vary so much.

Figure 6-07: Amplitude of orders for a grating oscillation amplitude of l/A'^yj and an oscillation
frequency of 10 MHz.

Figure 6-08: Amplitude of the diffracted orders as a function of oscillation frequency for a fixed
oscillation amplitude of M.
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Figure 6-06 and Figure 6-07 clearly indicate that there are errors in the calculated
order amplitudes as the model diverges for large oscillation frequencies and
amplitudes. In order to ensure the relevance of these calculations, the sum of the
square of the amplitudes of the orders has been calculated as a function of oscillation
frequency and amplitude. This value must be as close to one as possible to ensure
the problem is physically relevant. In Figure 6-09 any deviation from unity is plotted
as a percentage variance error as a function of oscillation amplitude and frequency.
From Figure 6-09(a) it is evident that the error in the amplitude increases for
increasing oscillation amplitude. If the oscillation amplitude is increased beyond Mk,
the error increases dramatically, as predicted from Figure 6-07.

Figure 6-09(b)

shows that the error increases for increasing oscillation frequency. From both plots it
is evident that, for the selected parameters of

1/A' and

= 10 MHz, the

error remains less than 1%. fhus, using these selected parameters, the amplitude of
the orders can be accurately predicted.

Figure 6-09: Percentage error of the calculated amplitude as a function of (a) oscillation amplitude and
(b) oscillation frequency.
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6.3

Detection Scheme for Diffracted Atoms

Since the ability to routinely generate cold atoms in the laboratory was first reported,
a number of designs of atomic diffraction grating and mirrors have been proposed
and realised [43-46].

Having modelled the behaviour of the atom grating as a

function of various experimental parameters, and having established that the
magnitude of the relevant orders are substantial, this seetion aims to investigate the
feasibility of perfonning experiments with such a grating.

6.3.1 Atoms in Normal Incidence
As an alternative to detecting the diffracted orders as a funetion of the diffraetion
angle, in this section the possibility of using a temporal detection scheme for the
different orders is investigated by incorporating a probe beam and determining the
time at which atoms diffracted into the different orders traverse this beam (cf. Figure
6-10), similar to the scheme used by Sidorov et al. [45], Initially, only those atoms
with normal incidence on the grating are considered. It is possible to determine the
time separation between the zeroth order and the diffraeted orders when they cross
the probe beam, as a function of oscillation frequency. Once again, it is assumed that
the atoms are falling from a height of 3 cm and that the average temperature is
100//K.
Use can be made of the absorption properties of the atoms in order to detect
them using a laser probe.

Figure 6-10 illustrates the basic concept behind this

detection scheme. When the atoms fall from the MOT they pass through a weak
retro-reflected pump beam tuned to the

= 2 —> 5‘= 3

transition.

This ensures that all atoms are pumped to the F^ =3 ground state. When the atoms
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enter the probe beam, whieh is tuned to the 5^

= 3 —>

^ transition,

a single absorption peak ean be detected as the atoms absorb resonant photons. If the
array acts as an atomic mirror the incident atoms will be reflected and pass through
the probe beam before they once again fall towards the probe beam and the mirror.
The atoms can undergo several bounces in this manner before falling out of the
detection region. As the atoms continue to bounce from the mirror to the detection
area, the amplitude of the absorption signal will decrease due to loss of atoms. This
can be caused by atom collisions with back ground vapour and other reflected atoms.
Some atoms will also be lost as they will be pumped into the

Pg

ground

state and, thus, will not be detected by the probe beam. Loss of atoms due to ballistic
expansion of the MOT can be reduced by using a broad probe beam close to the
surface of the grating.
When a magnetic array acts like a diffraction grating, the incident atoms arc
diffracted into their respective orders by the grating and are then reflected towards
the probe beam again. The velocity of an atom after reflection from the magnetic
surface will depend strongly on the frequency of the oscillating field and, thus, it can
be assumed that the time separation between orders will be greater for higher
frequencies.

When the diffracted atoms pass through the probe beam, several

absorption peaks can be resolved due to the different arrival times of the different
orders. The atoms eventually begin to fall back towards the grating, once again
passing through the probe beam resulting in absorption peaks with increased time
separation. When an order is diffracted for the second time, it then becomes the
incident order, and, thus, breaks up into further diffracted orders. Therefore, the
number of orders increases by a factor of 5 after every diffraction bounce (if only the
orders -2< n <2 are considered). This causes a dramatic decrease in the amplitude
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of the orders and eventually the various orders will be indistinguishable due to their
small amplitude and the fact that there will be many orders passing through the probe
beam in a short period of time.

Therefore, only measurements from the first

diffraction are considered here.

Probe beam

Diffraction Grating

Figure 6-10: Schematic representation of the detection region for time separated diffraction orders.

By defining the height of the probe beam above the surface as
y(r) = y/ 2, the time, /„, at which a particular diffracted order passes through
the probe region is given by:
^

f
Vn..

=

V * g™'’

with
160

yprobe

(6-15)

gravy prohc

m

m

(6-16)

The time separation between the arrival of the zeroth order and the arrival of orders n
= ±1, ±2 at the probe is plotted in Figure 6-11. Assuming the time of arrival of the
zeroth order is / = 0 s, the arrival time of the other orders is tens of ms for our
experimental parameters.

Figure 6-11: Difference in the arrival time at the probe region between the zeroth order and the
first two positive and negative orders.

6.3.2 Experimental Parameter Variation
So far, only atoms of a particular velocity falling on the atomic grating at a given
angle have been considered. It is virtually impossible to create such an experiment
due to variations in temperature causing atoms to travel at different velocities. This
subsequently affects the de Broglie wavelength of the atom and, hence, there will be
a variation in the magnitude of the incident wave vector,

. Having a MOT of

larger average temperature has the effect of increasing the average speeds of the
atoms and, thus, increasing the threshold frequency and the separation between the
orders. However, it should be noted that these changes are very small and would
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have very little effect on experimental results. The average velocity of the atoms at
the mirror can also be varied by controlling the distance between the MOT and the
grating; this would have a larger effect on the experimental results. The amplitudes
and spatial separation of the orders can be slightly adjusted and fine tuned in this
manner.
A temperature measurement using a standard technique, such as time of flight,
release and recapture or trap oscillation, yields an average temperature of the atom
cloud and is subject to temperature variation. As a result, atoms of the same order
may reflect at slightly different angles, thus spatially broadening the detected orders.
Fluctuations in the atomic velocities were studied in order to ensure that they arc
small enough to ensure that the individual orders arc still resolvable. A cloud of
atoms was modelled initially located 3 cm above the grating, having an incidence
angle of rdA and with a grating oscillation frequency of 10 MHz.

The average

temperature of the atoms was taken to be 100 pK, assuming a Gaussian temperature
distribution and a standard deviation of 25 pK. On the basis of this uncertainty, the
reflected angles for the diffraction orders were calculated and it was found that the
spatial broadening of the orders is negligible.
When the atom cloud is released from the MOT, it expands unifonnly in all
directions. As a result, atoms are incident on the grating at different angles. It is
assumed that the MOT is initially placed 3 cm above the grating and the grating
surface is at an angle of ttIA with respect to the centre of the MOT. This results in
the atomic incidence angle varying due to the expansion of the cloud on release from
the trap. The incidence angle distribution of the atoms is assumed to be Gaussian,
with a central peak at kIA and a standard deviation of 0.03 rad, allowing an angle
variation of ± 0.1 rad. Figure 6-12 shows the resultant broadening of the orders; it is
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clear that all the orders are no longer resolvable due to order overlap. For example,
the zeroth-order is almost indistinguishable from the ±1 orders. The variation of the
incidence angle is, therefore, a clear limiting factor in the ability to detect individual
orders. Experimentally, this could be minimised by placing an iris between the MOT
and the grating; however, this will also reduce the number of atoms partaking in the
interaction.

Figure 6-12 Amplitude of diffracted orders for an incidence angle of ;r/4 ± 0.1 rad.

6.3.3 Grating Parameters
A constant current must be sufficiently strong to reflect atoms a small distance away
from the grating surface.

Choosing a reflecting surface of

magnetie field at a distanee y =

above the surface of the grating can be calculated

from Eqn. 6-03. Equating this to the magnitude of the field required to reflect at a
distance vr above the surface of the grating, Eqn. 6-04 reduces to:

(6-17)
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From Eqn. 6-17, the amplitude of the magnetic field at the grating,

38.5

mTesla. The magnetic field amplitude at a distance v/? was calculated using Eqn. 617 to be

= 14.2 mTesla.

For an atom travelling in the A-direction just above the surface of the mirror
(cf Figure 6-01), the periodicity of the magnetic field becomes significant. If we
assume that the rate of rotation of the magnetic fields is constant over the distance
travelled, the rate of rotation is given by Ik

.

For adiabatic transfer, this

rotation must be smaller than the Lannor frequency of the atom given
by (0^. =

.

Therefore, the following condition must be satisfied:
^ Pgn, « B^ra, ^

» pcriodicity of

= 500 pm is

considered and a field near the mirror equal to that calculated from Eqn. 6-17, the
adiabatic condition is satisfied and the mirror can perfonn as expected.
^ Pf-nit

cuiTcnt rcquircd to produce such a field is

Since

= 7.67 A.

The amplitude of the oscillating term is given by
n

R

^
Rgrat^osc
^osc ~ ^ n

(6-18)

2B...n

which should have a magnitude of

l/^^g- Therefore, for

= 500 pm, the

ratio of the constant magnetic field and the oscillating magnetic field is given by
^osc

B sta!

(6-19)
r grat

Hence, on the basis of the chosen parameters,
superimposed

modulated

Bnsc/^osc = ^osc/^sn., ^od, slncc

current

required

= 1.19x 10 ^ and the
can

7.67 A, it follows that
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be

calculated
= 90 mA.

from

6.4

Summary

In this chapter, a reflection-based diffraetion grating for cold atoms has been
proposed. The grating consists of an array of wires carrying alternating positive and
negative currents similar in design to standard atom mirrors with an additional
oscillating component. In order to achieve diffraction, the magnetic field above the
surface of the wire array must oscillate within a specific range of frequencies and
amplitudes. The ideal manner in which to achieve the neeessary field components is
by adding an oscillating current to the eonstant current flowing through the wire
array. It has been shown that, within specific limiting factors, the ideal oscillation
amplitude is comparable to the reciprocal of the wave number and the oscillation
frequency should be comparable to the cut-off frequency below which specular
reflection would not be observed. The model eould be improved by taking into
consideration the exponential decay of the magnetic field above the grating.

A

detection scheme has been proposed that should be eapable of separating the
different diffraction orders temporally and estimates have been made for
experimental parameters in order for the diffraction grating to perform according to
expectations.
In this model any influence of van der Waals forces on the intensity of the
diffraeted orders has been neglected (see, for example, [151]) by assuming that the
point of reflection/diffraction oceurs sufficiently far from the grating surfaee. Earlier
work by Davis [152] has considered the diffraction of atoms using a rigorous
coupled-wave analysis applied to permanent magnet gratings; however, this paper
highlighted the weakness in the design.

Here, it is proposed to use a temporal

deteetion scheme to overcome the relative poor diffraetion effieiency.
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Chapter 7: Conclusion & Outlook

The work presented in this thesis has investigated the interaetion between a
tapered optical nanofibrc and laser-cooled rubidium atoms.

The cold atoms are

produced using a standard six-beam MOT, which relies on polarisation gradient
cooling and magnetic trapping techniques.

Having set up the MOT, technical

methods were implemented to measure and characterise many parameter of the atom
cloud. From these measurements, a typical atom cloud can contain up to 10*^ atoms
with

cloud

diameters

of

~1.5

mm,

resulting

in

MOT

densities

of

~5xl0^ atoms/mm\ The average temperature of the atoms was found to be below
the Doppler limit (depending on the power of the cooling beams).
TONFs arc fabricated from standard telecommunication single-mode fibre,
selected at the appropriate wavelength of 780 nm. The fibre is heated using an oxybutane flame and simultaneously pulled until the waist is reduced to a submicron
diameter. Using this fabrication technique subwavelength TONFs can be fabricated
with transmissions of ~80%, smooth surface profiles and a uniform waist of ~3 mm
in length. The fibre is combined into the cold atom experiment using a Teflon
ferrule fibre feedthrough system to maintain UHV. By doing so, a novel technique
for measuring the characteristics of the cloud of cold atoms was developed by
monitoring the spontaneous emission from atoms near the surface of the fibre and
coupled into its guided modes. The photon count rate was then measured using an
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SPCM.

Using a TONF to monitor the characteristics of an atom cloud is an

exceptionally difficult approach for relatively simple measurements compared to
conventional absorption or fluorescence imaging.

However, it does serve as an

important diagnostic tool for the growing interest in the interaction between cold
atoms and nanofibres and has enhanced sensitivity for very low numbers of atoms
compared to other techniques. Using the method described above, the 1-D size and
shape of the atom cloud is measured by translating the cloud across the waist region
of the TONF using magnetic coils and analysing the amplitude of the resultant
photon count rate from the SPCM. This was found to be in excellent agreement with
measurements obtained using the conventional method of fluorescence imaging
using a CCD camera.
This measurement technique involving the nanofibrc has also been used to
detennine the loading times and the lifetimes of the MOT. It was found that the
TONF technique gives longer lifetime measurements than the conventional
fluorescence method. This is attributed to the sensitivity of the TONF to very a low
number of atoms, highlighting its potential as a tool for manipulating very small (or
even single) atoms for quantum information technologies based on neutral atoms. For
example, if single atoms could be trapped in sites around the fibre, bipartite
entanglement between two atoms could be mediated via the photon propagation in the
fibre guided mode. Another contribution to the extended lifetime measurement is the
TONF’s sensitivity to the cloud as it decays from the multiple-scattering regime to
the temperature limited regime with changing atom number.
The loading times measured with the TONF were found to be in reasonable
agreement with results achieved by focusing the atom fluoreseenee onto a
photodiode. However, this may be due to the fact that the loading times were within
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a short range. The results are expeeted to diverge when longer lifetimes will be used.
This will be investigated in future experiments were the density of the baekground
vapour will be deereased to ensure a longer loading time.
The TONF measurement teehnique also yields loading times, lifetimes and
eount rates whieh are proportional to the steady state number of trapped atoms in the
MOT. Thus, for a partieular experimental setup, the signal on the SPCM ean be
ealibrated in temis of the number of atoms and this will also be the foeus of future
studies within the group.
From the number of photons that eouple into the guided mode of the fibre, it ean
be dedueed that the nanofibres are highly sensitive to very small numbers of atoms
elose to its surface.

Due to this sensitivity, experiments can be performed that

investigate the features of the van der Waals and Casimir-Poldcr surface interactions.
In future experiments, this will initially be done by measuring the fluorescence
spectrum coupled into the TONF after the cold atoms have absorbed and emitted
photons from a frequency scanned probe beam passing through the cloud of cold
atoms. The resultant observed spectral line should have a red shifted asymmetry that
can be attributed to the van dcr Waals effect and, to a lesser extent, the CasimirPolder effect.
In Chapter 5 Section 5.4 an alternative cold atom detection system based on
the absorption of an evanescent field was described. Though this technique was
implemented in the laboratory no results were achieved due to a poor signal-to-noise
ratio of a homemade APD detection system. These experiments will be repeated
with a new, commercial APD, which has the desired specifications. This setup can
also be used to investigate the van der Waal and Casimir-Polder effects as mentioned
earlier.
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The magneto-optical trap has become a very popular tool to routinely produce
atomic samples with sub-Doppler temperatures less than 1 mK over the past two
decades. However, the exact dynamics of the system are not yet fully understood.
This is due to the complexity of coupling between multilevel atoms and the
interaction of an atom with magnetic and polarisation fields. TONFs can be used as a
probe to investigate parameters such as local loading times and density to better
understand the operation of a MOT and the eventual potential for these nanofibrcs as
tools in quantum technologies should not be underestimated.
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Appendix A: Data for
Property
Atomic Weight
Nuclear Spin

Symbol

Value

Units

Ar

85.4678

amu

1

5/2

Cooling Transition

'S„2, F8=3

Repumping Transition

'S,/2, Fg=2 ^ 5'P3/2, Fe-3

Wavelength in Vacuum

780.238

nm

1.589

eV

26.63

ns

5.9

MHz

Ctabs

6.08 X lO ''

m"

Saturation Intensity

Lat

1.63

mW/cm^

Capture limit

Tc

222

mK

Doppler Temperature Limit

Td

142

pK

Recoil Temperature Limit

Tr

370

nK

^abs

290.7 X lO''-'^

m

D1 transition

794.8

nm

D2 transition

780.2

nm

Atomic volume

55.9

cm^mof'

Transition energy

tico.

Lifetime of Upper State
Natural Linewidth
Absorption

cross-sectional

Fe=4

Area

Cross-section for absorption

Atomic number

z

1

37

Natural abundance
Absorptional cross-section

170

72.17

%

290.7 X 10’'^

M"

Appendix B: Bottle Resonators

B. 11ntroduction
Optoelectronic devices based on optical microresonators that strongly confine light
form the basis for the next generation compact size, lower power and high speed
photonic circuits.

These microrcsonators can support optical modes fonning

whispering-galley modes (WGMs), which rely on total internal reflection of light at
the interface between the dielectric surface and the surrounding air. Many properties
of these modes, such as emission spectrum, frequency and polarisation, can be
controlled and therefore have many application as filters, switches and wave division
multiplexers which can be used as optical components in photonic circuits fl53,
154]. Applications such as microlasers [155], biochemical sensors [156], quantum
information processing [157] and cavity quantum electrodynamics [158, 159] have
also been realised. For a substantial review of these properties and applications see
reviews by K. J. Vahala [157] and T. M. Benson [160].
Bottle resonators manufactured from silica fibres were theoretically
investigated in 2005 [161] in the group of Prof. Dr. Dieter Meschede, at the
University of Bonn, where I set up initial experiments designed to investigate
properties of the bottle resonators. Such resonators sustain WGMs that exhibit two
well-defined regions with enhanced field strength at each end of the prolate shaped
centre, as shown in Figure B-Ol, where ±

represents the caustic area of high

intensity. Bottle resonators can be fabricated from optical fibres using a two step
process [52].

Firstly a tapered optical fibre is fabricated with a diameter of

7l

approximately 16 pm. Then a CO2 laser is used to heat two sections of the waist
region while the fibre is stretched again, resulting in the shape shown in figure B-01.

Figure B-01; Illustration of the propagation of WGMs in a bottle resonator^.

B.2 Diameter Variation of Bottle Resonator
The properties of the resonator highly depend on the shape and geometry of
the resonator. It is, thus, advantageous to have a system whereby the variations in
the bottle shape can be measured.

To do this an optical diffraction method was

employed and this setup is shown in Figure B-()2(a). When a Gaussian laser beam is
incident on the bottle resonator there are many processes that can take place. When
the fibre diameter is a multiple of the wavelength of the laser light, WGMs are set up
with the fibre via total internal reflection. However, the most obvious processes are
diffraction and reflection from the boundaries of the fibre as well as light being
transmitted through the fibre. The resultant diffraction pattern is collimated by an
objective lens and focused onto a CCD camera. The imaging system is at 45° to the
bottle resonator.
The scattering of light from a tapered fibre is described in [132] where the
scattering angle of the maxima and minima intensities observed on the diffraction

This diagram is taken from reference 1161. Y.

Louyer,

D.

Meschede

and

A.

Rauschenbeutal,

"Tunable whispering-gallen' resonators for cavity quantum electrodynamics", Phys. Rev. A. 72,
031801 (2005).
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pattern are plotted as a function of fibre radius which can be seen in Figure B-02(b)
for relevant angles. It can be seen from this plot that the maximum (green) intensity
does not vary linearly over the range of angles. However, an average slope can be
taken over a smaller range and, thus, the angle can be linearly related to fibre radius
within this angle range. The plot is divided into horizontal sections with angular
variation in 5° intervals. For each section an average slope of the peak intensities is
taken for radii in the range of 5 - 10 pm. Thus, by knowing the angle, the radius can
be calculated by using the appropriate slope for this angle rage. Though this is not a
true measurement of the fibre radius, by subtraction of consecutive radii
measurements for different angles an accurate radius variation of the bottle resonator
can be determined. This, therefore, gives a method whereby the variation in fibre
radius of the bottle resonator can be determined.

Figure B-02: (a) Setup to obtain a diffraction pattern observed from a bottle resonator (b) Maximum
(green) and minimum (black) intensities from a diffraction pattern of a laser incident on a fibre as a
function of fibre radius

^ This graph was done by Florian Warken, reference [132.

F. Warken and H. Giessen, "Fast

profile measurement of a micrometer-sizes taperedfibers with better than 50-nm accuracy". Opt. Lett.
29, 15 (2004).
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The diffraction pattern observed from the CCD camera can be seen in Figure
B-03(b). The straight vertical maxima and minima of the diffraction pattern indicate
that the fibre is of a constant diameter at this position.

The vertical wave-like

variation of the diffraction pattern represents the shape of the bottle resonator.

11 Decreasing
diameter
jMncreasing
I diameter

I

Decreasing
diameter
Increasing
diameter

Figure B-03: Diffraction pattern observed from a bottle resonator using the setup illustrated in
Figure B-02.

A MATLAB program was written to analyse the diffraction patterns observed using
the setup depicted in Figure B-02.

The program operates on the following

procedures:
Import & area selection: the user inputs the file name and the MATLAB program
imports it and displays it to the user. The user is then required to select the area of
interest by clieking on the top left and the bottom right hand comers of the desired
area. This should be the area of the bottle resonator where the variation in the
diameter is evident, which is shown in yellow in Figure B-03.

The image is

converted into a 2-D matrix with each cell containing three values indicating the
intensity of the red, green and blue colour components (i.e. RGB value). Heneeforth,
only green intensities are referred to, unless explicitly specified.
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Image analysis: once the area of interest is selected the program performs some
image analysis.
•

Filtering: suppresses all the red and blue components of each cell of the
diffraction pattern matrix.

•

Angle scaling: From the geometry of the experimental setup it can be detennined
that the diffraction angles from 28.75° to 61.25° are collimated by the objective
lens and focused onto the CCD camera. This gives a method by which the
horizontal pixel of the selected area can be converted to angles.

•

Intensity sealing: To pcrfomi image analysis, it is advantageous to have a large
intensity difference between the maxima and minima intensities of the diffraction
fringes. To ensure this is the case, the program determines the maximum and the
minimum green intensities of the entire matrix. The maximum intensity detected
is then rescaled to 255 (which is the maximum intensity possible), the minimum
intensity detected is reset to 0, and all other green intensities are linearly scaled
between these values.

•

Smoothing: It is necessary for the program to extract the shape of the bottle
resonator from the image. The first step in doing so is to reduce the thickness of
the diffraction fringe. This is done by detemiining the local maximum and
minimum green intensities from each horizontal slice. However, for best peak
and trough detection, the program first applies a smoothing process along each
horizontal array, which has the effect of blurring the sharp peaks that result from
optical noise in the diffraction pattern. Each data point is smoothed with respect
to its neighbouring horizontal data intensities by applying a Gaussian profile with
a user defined FWHM and normalising to 1. For each data point a new value is
generated from the convolution between the data slice and the Gaussian profile
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whose peak is the data point in question.

The degree of smoothing is, thus,

determined by the width of the Gaussian profile.
Peak and trough detection: Once the entire matrix is smoothed the program goes
through all the horizontal slices and detects the peaks and the troughs. The array
cell where the peak is detected is filled with maximum green intensity (i.e. RGB
= [255,0,0]) and the trough is filled black (i.e. RGB = [0,0,0]). Figure B-04(a)
shows a horizontal slice from the raw data (blue) as well as this same slice after
being smoothed (red) where the green and black dots represent the detected
maxima and minima respectively. When this is repeated for all slices a 2-D array
is formed, as is shown in Figure B-04(b).

Angle (“)

Figure B-04: (a) Smoothing process for horizontal slice (b) resultant peak and trough detection of
the entire diffraction pattern.
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Profile extraction: The program then selects a green fringe at an arbritary angle and
compiles an array of this intensity profile along the position axis. This is the profile
of the bottle resonator whose amplitude (in angle units) can be converted into a
radius measurement by use of the average slope of the intensity fringe for that angle
range, as previously explained.

The actual radius reading is incorrect, but by

subtracting the first radius measurement of an array from all subsequent calculations
the bottle variation is determined. This is shown in Figure B-05, where the profile is
measured in terms of radius.

Figure B-05: Variation in bottle resonator detemiined resulting from image analysis of the
diffraction pattern.

B.3 Tuning Method for Bottle Resonator
For many applications it is advantageous to be able to tune the microresonator to an
atomic transition.

This can be achieved by thennally heating the resonator or

applying stress to the resonator. Thermal heating can be achieved electrically [162]
or optically [163], whereas stress tuning can be demonstrated by stretching the
resonator [164, 165]. Due to the fact that thennal heating is often not linear due to
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bistability [166], it is often advantageous to use the stain method to tune the
mieroresonator and this also yields a larger tuning range.

B.3.1 Experimental Setup
To use meehanical tuning of the bottle resonator, Prof Dr. Mesehede’s group
proposed to attaeh one end of the bottle resonator to a fixed supporting strueture and
the other to a mount supported by a multilayer piezo bender aetuator, PLl 12 from PI,
whieh can bend by ±120 pm from its normal resting position when a control voltage
IS applied. This mounting scheme is illustrated in Figure B-06(a). For the purpose of
future experiments it was required to be able to individually control and manipulate
three of these bending piezos (namely piezo 1, piezo 2 and piezo 3) on the micron
scale. The setup show in Figure B-06(b) was implemented to perform the bottle
resonator tuning. Each piezo clement has three input connections: a 60 V supply
voltage, a 0 - 60 V voltage which determined the position of the piezo, and a ground
(GND) reference voltage. These voltages are supplied using an low voltage PZT
amplifier module (E650,00 LVPZT from PI) which has two outputs and one input as
shown in Figure B-06(b). An analogue output of 0 - 10 V from a data acquisition
card (DAQ) is sent to the ‘control voltage’ input of the piezo amplifier. This is
converted to a 0 - 60 V signal through a linear amplifier and outputted through the
‘PZT output’. This output is a nine pin connection through which all voltages can be
sent to the piezo element. Pins 1 and 2 are internally connected and are dedicated to
supply the piezo with a 0 - 60 V input voltage. Pin 4 and 5 are also connected to
give a constant 60 power supply to the piezo. Pin 4 is the ground of the instrument.
The ‘PZT monitor’ is a 0 - 10 V output signal which is derived from the 0 - 60 V
signal using a potential divider with resistance in the ratio of 5:1. This is connected
to the analogue input of the DAQ card.
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The position of the piezo, when there is no 60 V supply voltage, is said to be
its resting position. This position corresponds to a PZT output voltage of ~30 V (or a
control voltage of ~5 V). A PZT output greater than 30V (greater than 5 V for the
control voltage) will cause the piezo to bend upwards.

Likewise, a PZT output

voltage of less than 30V (less that 5V for the control voltage) will cause the piezo to
bend downwards.
(a)

UV glue

Bottle resonator

E650.00 LVPZT Amplifier g1

(b)
LabVlEW
program

Control
Voltage
(0-10V)

Monitor
Voltage
(0-10V)

PZT
Output

DAQ
AO

SW1
0-60 V

Al

Piezo 1

gNP

■■SWj.
0-60 V
GNID
PC

Control
Voltage
(0 10V)

Monitor
Voltage
(0-10V)

p2j
Output

60 V
0 - 60 V
GND

10

Piezo 2

,
Piezo 3

E650.00 LVPZT Amplifier #2

2 kn

Figure B-06: (a) Support structure for the tuning of a bottle resonator via the stress method, (b)
Setup used to control three individual bending piezos.

When the piezo amplifier is switched on, it immediately supplies the piezo
element with a 60 V supply voltage and a control voltage (0 - 60 V). However, it
takes time for the PZT output to go from 0 V to its desired control voltage. This is
done in a matter of milliseconds, where the piezo will immediately snap to its 0 V
position and then to its desired position as the PZT output builds up to its desired
voltage. This sudden motion leads to stress of the piezo element and may limit the
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lifetime of the deviee. To prevent this, a switeh is incorporated in the setup which
allows both the supply voltage and the resting position voltage to be sent to the piezo
at the same time, thereby preventing the unwanted snapping action of the piezo
clement.
There are two amplifiers used to control three bending piezos. One amplifier
(amplifier 1) is used to solely control piezo 1.

Due to the limited number of

amplifiers available, amplifier 2 was used to control both piezo 2 and piezo 3. Piezo
2 is controlled as nonnal (i.e. the same manner as amplifier 1 controls piezo 1). The
60 V supply of amplifier 2 is also sent as a supply voltage to piezo 3. In addition,
this voltage was sent through a potentiometer so that the user can send a 0 - 60 V
signal to piezo 3. This 0 - 60 V is sent through a potential divider reducing the
signal to a 0 - 10 signal which is fed back to the A1 of the DAQ and used as a
monitor for piezo 3. This setup is schematically illustrated in Figure B-06(b).

B.3.2 Bending Piezo Control Program
A bending piezo LabVlEW program was written to allow the user to control and
monitor the signals going to and from three piezo elements. The program has two
control voltage outputs (one for piezo 1 and another for piezo 2) and has three inputs
(a monitor voltage from each piezo element).

To reduce the probability of the

program causing damage to the piezo, many of the controls are limited so as not to
exceed the piezo specifications.
Tabs: The program is made up of 4 tabs, one tab being dedicated to each piezo and
the fourth shows a block diagram of the experimental setup. By clicking on the tab
for the relevant piezo, the user is allowed to control and monitor each individual
piezo. The tabs for piezo 1 and piezo 2 are identical in functionality. Due to the
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limited functionality of piezo 3, its respective tab only contains the monitor voltage
functions.
1 Tabs

Conf

2. Test panel 3. Control Voltage
------------------------- /-

4. Control voltage display 7. Modulation signal

Bending Piezo's - PL-112 .1 Si4-6S0. 00 LVPZT ^mplifiei

7?

'1
'll

$

5. Monitor voltage

A /'
n-, i J ■
'1 l;
!■ 1 i ''
1 ' 1 !-.1; 1 1 ■
1 1
, ' 1 '
\! i' 1 !
, [1 :

10?

6. Monitor voltage display

8. Modulation signal monitor

Figure B-07: LabVIEW GUI written to control three individual bending piezos.

Test Voltatzc Panel: This panel is implemented to aid the user in pre-determining the
effect changing a voltage may have on the travel of the piezo based on calibration
results. The top three lines gives the effect the value control voltage has on the
position of the piezo and the bottom line gives the effect the change in voltage has on
position of the piezo.
Control Voltage Panel: This panel allows the user to set the control voltage and,
hence, control the PZT output voltage.

The user must choose the correct

communication channel and then set the desired control voltage. An indicator also
displays the PZT voltage corresponding to the set control voltage. The reset button
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:

resets eertain parameters to their default values whieh eorrespond to the piezo’s
resting position.
Control Voltage Display:

The eontrol voltage ean be viewed on this graphical

display as a function of time. Any modulation in the output signal can be seen here
as well as its amplitude (cf signal modulation panel).
Monitor Voltage Panel: This panel allows the user to view the monitor voltage. The
user can choose the channel on which the signal can come and also the sampling rate
and the number of samples can be set.
Monitor Voltage Graphical Display: This auto-scaled graph displays the monitor
signal.
Signal Modulation: This panel allows the user to create a modulation signal. This
signal is be superimposed onto the eontrol voltage.

The user has the option of

selecting from a variety of waveforms, sinusoidal, square wave, triangular wave,
saw-tooth, and can set the pcak-to-pcak amplitude of the modulation signal. At the
bottom of the panel the program determines the piezo’s centre position and also
calculates the modulation in tenns of distance.
Modulation Graphical Display: This graph shows the modulated signal by itself

B.3.3 Bending Piezo Calibration
Using the above LabVlEW control program, the translation characteristics of the
bending piezo were detennined. In order to measure the movement of the bending
piezo as a function of piezo control voltage applied to the piezo amplifier, a stripped
and cleaved end of a SMF is attached to the bending piezo. A calibrated imaging
system is used to monitor the motion of the fibre edge and thus measures the
movement of the piezo element on the imaging plane.
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The first parameter investigated was the travel distanee of the piezo as a
function of control voltage, where the control voltage was increased to a certain
voltage and decreased again, while measuring the position of the fibre tip after every
inerement/dccrement.

This was perfonned for an unloaded piezo (i.e. no bottle

resonator attached) and was repeated for various spans of control voltage and the
results arc displayed in Figure B-08. It can be immediately seen that the bending
piezo exhibits hysteresis behaviour whose maximum error increases as a function of
increasing span. Theses results arc reproducible indicating that the movement of the
piezo element is repeatable.
150^

Figure B-08: Hysteresis behaviour of the bending piezo for different control voltage spans.

It is intuitive that the travel range of the bending piezo device may decrease when
loaded with a bottle resonator due the added strain.

Thus the calibration was

repeated when the mounting structure shown in Figure B-06(b) was loaded with a 16
pm tapered fibre, which is of comparable diameter to a bottle resonator, and with a
striped SMF and the results are shown in Figure B-09. It can be seen that the loading
of the 16 pm fibre slightly decreases the travel range of the bending piezo. The
travel range is further decreased when the piezo is loaded with the SMF.
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When

taking these results the voltage was decreased to a minimum control voltage and then
increased to a maximum voltage, taking results in 1 V intervals. This was repeated
several times and it was found that, though the travel range is decreased for the
loaded case, the results are consistent and thus reproducible.

Figure lt-()9: Movement of the bending piezo as a function of control voltage for the unloaded case
(red), loaded with a 16 pm tapered fibre (green) and loaded with a stripped SMF (blue).
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Appendix C: Acousto-Optic
Modulator Frequency Shifts
The frequency shifts of the AOMs arc controlled from a PC. In total, the program
can control the VCO voltages of four AOMs and sweep the frequency of a probe
beam. The laser setup for which this program can be used are described in Chapter 3
Section 3.2.4 and illustrated in Figure 3-07, Figure 3-08(a), and Figure 3-08(b).
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Laser Setup
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Figure C-01: LabVIEW program to control frequency shifts of AOMs.

Laser setup: Due to the variety of optical configurations used to create the SAS,
MOT, and probe beams, the user must select the optical setup being implemented.
Based on this selection the program is configured appropriately.
Locking peak: the user must select the laser peak or cross over peak to which the
SAS beam will be lock the laser. Based on this as well as the laser configuration
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selected, and the AOM frequency shifts selected, the program calculates the detuning
of the MOT beams and the probe beam (if it exists for that laser setup).
AOM frequency shift: there are four AOM panels which control all the AOMs. In
some configurations certain AOM’s are not implemented and are thus set to zero
frequency shift. For each AOM the user defines the VCO voltage and the respective
frequency shift is calculated based on the calibration curved previously measure For
the AOM that controls the frequency shift of the probe beam, the frequency can be
scanned over a certain range by superimposing a waveform of user defined shape,
phase, amplitude and frequency to the VCO voltage.
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Appendix D: Online Measurement
of the Number of Atoms
The procedure and setup to measure the number of atoms is described previously in
Chapter 3 Section 3.4. Shown below in Figure D-01 is the LabVIEW graphical user
interface (GUI) written to determine the number of atoms based on the parameters of
the experiment setup and the data received from the photodiode which collects the
MOT fluorescence.

MOT FLUORESCENCE
PD SIGNAL

MOT
Parameters

Imaging
Diameter ot 1st
ima^ lens (mm)

Number of Atoms

Number of uncoated glass
Sufaces bewtween MOT & PO

Save to file
Insert He Path
l\Vile2vs'\

Detuiing (MHt)

Mi

Background
Compensation

Set Background

;)2s..
Distance between MOT and
1st imaging lens (mm)

Sold Angle (Steradian)

Power of AI6
Beam (mW/cm''2)

Saving to He

0.0225
Number of data points 335
Responstdty of PO (A/W)

j)

0.«

Save Tune

11,0773

Figure D-01: LabVIEW GUI to monitor fluorescence from the MOT and focused onto a PD.

The GUI operates in the following manner;
PD chart: show the raw data from the photodiode.
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Backyound Level (V)

Imaging panel: this is where the user defines the imaging parameter of the
experimental setup. These input parameter are used to determine the solid angle
subtended by the imaging system, as well as the sensitivity of the imaging system
MOT parameter panel: the user input the parameter of the MOT eonfiguration sueh
as the total power of the MOT beams and their detuning from the atomic cooling
transition.
Saving to file panel: this allows the user to define the file to which it is saving the
data as well as when to begin and stop saving data.

In the saved file all input

parameters are saved as well as the raw data and the calculated number of atoms.
Background compensation panel: this allows the user to compensate for background
tluorcscencc. The ‘set’ button in pressed when the MOT is off and the background
lluorcscence level is subtracted from the raw data before the number of atoms is
calculated.
Number of atoms chart: this displays the number of atoms determined from the raw
data based on the user defined input parameters. The number of atoms is calculated
from Eqn. 3-08. If the background compensation is enabled, the effect background
fluorescence has been compensated for in the data shown.
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Appendix E: Control of Pulling
Stages
In order to successfully operate the pulling stages necessary for the fabrication of
TONFs, three signals are required. A pulse signal whose amplitude varies from -10
V to + 10 V is sent to the stages, the frequency of which determines the speed of the
motors. The direction of the motors arc determined from a DC signal which is 10 V
for pulling the motors apart and -6 V to push the motors together. A supply voltage
of 12 V is also sent to the stage drivers.

I
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Reverse
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g <00,00
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Speed
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1811
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Elapsed parameters
Time

Distaixe
0
mm

t

RUN MOTORS

Figure E-01: GUI for the control of the pulling stage used in the fabrication of TONFs.

The program operates in the following manner:
Pull direction panel: This determines whether the stages are being pulled apart or
pushed together.
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Input parameters panel: The user sets the desired frequeney of a pulse train that is
sent to the stages. This determined the speed of the motor, calculated by the program
based on previous calibrations.
Elapsed time panel: When the program is running and the stages are moving this
panel dctcmiincs the time for which the stage have been in motion and calculates the
distance pulled. On the left hand side of the program a vertical indicator shows the
progress of the pulling stage as a function of the total pull.
Transmission panel: This panel reads the signal from the photodiode and monitors
the transmission through the fibre. The data can be saved to a user selected file. The
transmission percentage is also visually shown on a dial indicator.
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